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Preface 
Organic redox-active polymers have attracted substantial attention because of their 
potential applications in electrochemical devices including secondary batteries, solar cells, 
displays, and sensors. These functional polymers, due to their advantages such as being 
highly designable, flexible, lightweight, inexpensive, environmentally friendly, and mass-
producible, are expected to replace conventional inorganic-based materials for next-
generation devices. In particular, organic rechargeable electrodes are considered as 
candidates for ubiquitous energy storage because they can provide much more rapid 
electrochemical responses than conventional lithium-ion batteries. 
Robust radical-bearing polymers have been reported to exhibit reversible and rapid 
charge/discharge reactions when serving as electrodes by virtue of the introduced redox 
centers and non-conjugated design of their backbones. Their chemical structures, when 
carefully designed to form properly swollen polymers, have been shown to enable 
electrolyte molecules to move readily in these swollen systems, giving rise to 
rechargeable electrodes with ultrarapid charge/discharge capabilities. Still, the lack of a 
good understanding of the charge transfer processes occurring in these polymers have 
impeded realizing improvements in the charge-transport length and practical capacity of 
their electrodes. 
   In this thesis, faster charge transport in radical polymers was pursued by studying 
their chemistry, electrochemistry, and supramolecular chemistry with the aim of 
improving our fundamental understanding of these polymers. Chapter 1 outlines the 
properties and applications of the redox-active polymers. Also, the theoretical background 
and treatment of redox mediation are described. Chapters 2 and 3 describe the charge 
transfer processes in radical polymers, and the approaches for achieving enhanced charge 
flux are discussed. Chapters 4–6 describe the electrochemical and supramolecular 
processes of redox-active polymer electrodes, especially those used in displays. In the last 
chapter, the conclusion of this thesis and prospects for these polymers are described.                      
 
Kan Sato
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1.1 Introduction 
Electrochemical charge storage and transport play important roles in energy devices such as secondary 
batteries, fuel cells, and some solar cells. In general, electron storage/release reactions by a chemical species, 
M, can be written as shown in Scheme 1.1. 
𝑀𝑚 + 𝑛𝑒− ⇄ 𝑀𝑚−𝑛 
Scheme 1.1 
 
The reversible redox reactions of two materials with different electrochemical potentials (i.e., cathode 
and anode) enable a secondary battery to work. As an electrode active material, chemical stability in each 
redox state (Mm and Mm-n) is indispensable for charge/discharge cyclability and lifetime. The 
electrochemical reactions should proceed sufficiently fast in the absence of byproducts for a quick and 
reliable response. For higher energy density, the number of reacting electrons per mass (or volume) and the 
potential difference between the cathode and anode should be as high as possible. From a commercial 
viewpoint, the materials should be mass-producible and easy to handle. To achieve these criteria, several 
electrode active materials have been reported so far, and they can be classified as shown in the chart shown 
in Figure 1.1.  
 
Figure 1.1 Classification of electrode-active materials. 
 
The first classification is whether the compound is inorganic or organic. Today, most electrodes used for 
commercially available secondary batteries are inorganic materials. For typical lithium-ion batteries, 
LiCoO2 (weight capacity of ~140 mAh/g, volumetric capacity of 550 mAh/cm3, and redox potential of 3.8 
V vs. Li/Li+) or its derivatives are used as the cathode and graphite (372 mAh/g, > 700 mAh/cm3, and ~0.1 
V vs. Li/Li+) as the anode.1-5 The large potential difference (> 3 V) between the electrodes and the high 
density of the active materials (> 2 g/cm3) contribute to the high energy density per volume and weight. To 
enhance performance, unconventional materials such as sulfur, silicon, and lithium metal have been 
intensively studied.1 On the other hand, the large activation energy for intercalation of lithium ions and the 
unavoidable contact resistance between the particles limit the charge/discharge rates of conventional 
Redox-active compounds
Organic
Polymer
Conjugated system Non-conjugated system
One-electron Multi-electron
Low-molecular weight 
compounds
Others
Inorganic Others
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lithium-ion batteries.6-8 Also, decreases in cyclability and coulombic efficiency are often unavoidable due 
to the volume changes of the active materials during charge/discharge reactions and the formation of a 
solid-electrolyte interphase. The intrinsic hardness and brittleness of the inorganic materials may not be 
appropriate for the design of next-generation, flexible (or stretchable) secondary batteries. 
As an alternative to conventional inorganic materials, redox-active organic compounds and metal 
complexes have garnered the interest of many researchers.9-11 The volumetric energy density of organic 
electrodes is normally lower than that of inorganic ones because the typical density of organic compounds 
is around unity. However, organic compounds exhibit many advantages compared with conventional 
materials, including the capability of achieving fast charge/discharge, facile potential tuning, and intrinsic 
softness. Organic compounds have practically no resource limitations, in contrast to the conventional 
inorganic electrodes, which often contain expensive rare metals such as cobalt and nickel. 
 
Redox-active organic compounds can be classified by their molecular weights. Viologen, 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO), quinone derivatives, and many redox-active molecules have been 
studied as individual species (i.e., monomers). Since they exhibit high solubility in electrolyte solutions, 
the compounds were intensively examined as flow batteries.12-16 Solid-state batteries were also studied 
using solid polymer electrolytes.17-18 In contrast, redox-active polymers, where redox-active sites are 
introduced to polymer chains, are typically insoluble but swellable in electrolytes (supramolecules exhibit 
the intermediate characteristics of both monomers and polymers).9-11, 19-20 This property is suitable for 
secondary batteries with a conventional structure, in which solid or gelled active materials stay on current 
collectors. Researchers have preliminarily revealed the electron self-exchange reaction or hopping between 
the redox moieties to be important for explaining the conduction throughout the electrode (described in the 
next section).9, 11 
In this thesis, the charge transport process in non-conjugated, redox-active polymers was studied. Based 
on the proposed redox-conduction mechanism, a faster charge transport was achieved by using an improved 
molecular design: three-dimensional conductive networks, supramolecular molecules with high physical 
mobility, and cooperative effects with liquid crystals were revealed to be highly effective for achieving 
enhanced performance. The fabricated electrodes were examined for charge storage devices. 
This section has reviewed the fundamental characteristics and charge transfer processes of redox-active 
polymers to help provide the background to the thesis. In Section 1.2, the classification of redox-active, 
conjugated/non-conjugated polymers and their properties are described. In particular, chemical 
characteristics, electrochemical properties, preparation processes, and application of organic radical 
polymers are described. In Section 1.3, the charge transfer processes of redox centers are described based 
on Marcus–Hush theory. Mathematical treatments are also explained. In Section 1.4, the previously 
reported cooperative responses of organic molecules are reviewed, with a focus on electrochemistry. 
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1.2 Redox-active Polymers for Electrochemical Devices 
Redox-active polymers have attracted substantial attention as electrode active materials, and numerous 
reviews have been reported.10-11, 21-28 The polymers can be classified based on whether the electrons are 
delocalized throughout the redox units (conjugated system) or not (non-conjugated system, Figure 1.2). The 
latter can be further classified by the number of reactive electrons, n, per redox unit.  
 
Figure 1.2 Typical images of (a) a conjugated polymer (e.g., polyacetylene) and (b) non-conjugated polymer 
(e.g., nitroxide radicals as pendant groups on an aliphatic backbone). 
 
1.2.1 Conjugated polymers 
Conjugated polymers such as polyacetylene, polythiophene, polypyrrole, and polyaniline have been 
extensively studied as electrode active materials for nearly half a century due to their high electronic 
conductivity and reversible redox capability (Figure 1.3).22, 29-30 
 
Figure 1.3 Structures of typical conjugated polymers. 
 
When the conductive polymer is doped, charged carriers, polarons, and bipolarons are produced on the 
redox units, contributing to the electrical conductivity (Figure 1.4).30 
 
Figure 1.4 Formation of polarons and bipolarons in polypyrrole. 
 
Such delocalized electrons have been shown to provide remarkably high conductivity exceeding 1000 
S/cm.31 The low resistance of the conjugated electrodes is utilized for high-power output of secondary 
batteries (even > 600 mA/cm2)32 and supercapacitors.33-38 A representative conjugated polymer, 
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polyacetylene, was examined as a negative electrode of a lithium-ion battery in the 1980s.39-41 Although the 
polymer exhibited reversible charge/discharge capability, the rather unstable doped states and the low 
energy density (per volume) could not be overcome (which led to the use of graphite anodes instead). The 
electrostatic interaction between the carriers normally limit the maximum doping ratio. The experimentally 
obtained electrode capacity was less than half the theoretical value.11, 30 An unsteady electrode potential 
resulting from the above-described electrostatic interaction also induces an unfavorable voltage change for 
a secondary battery. 
 
1.2.2 Non-conjugated polymers 
Redox-active polymers with non-conjugated main chains usually show much lower electronic 
conductivity than do the conjugates (sometimes almost insulating). Still, the localized electronic structure 
contributes to their many advantages due to the lack of unfavorable electrostatic interactions, with these 
advantages including a nearly 100% doping ratio, outstanding stability of the doped states, and steady 
electrode potential.11, 42-46 Since the doped states of organic compounds (normally radical cations or anions) 
are not highly stable, researchers have applied aromatic rings or metal complexes as redox-active centers 
to improve the stability. In the case of triphenylamine, for example, the doped structure is stabilized by 
delocalization of the radicals on three aromatic rings (Figure 1.5).47-50 
 
Figure 1.5 Reversible redox of triphenylamine. 
 
The electrochemical characteristics of the non-conjugated polymers change depending on whether the 
number of reactive electrons in a redox center (n) is one or a greater number. 
 
(1) One-electron type 
The history of the non-conjugated polymers with one-electron redox-active centers is as long as that of 
the conjugated polymers. Due to the relatively few reactive electrons per site, the charge/discharge of the 
electrode capacity tends to be around 100 mAh/g or less.21 However, the one step electrode reactions at a 
steady potential enable the polymers to operate quite rapidly. The typical aromatic redox centers used are 
triphenylamine,47, 50-51 carbazole,52-53 and phenothiazine54-55, which are normally introduced to the side or 
main chains of the polymers (Figure 1.6). 
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Figure 1.6 Structures of the triphenylamine, carbazole, and phenothiazine polymers. 
 
A triphenylamine polymer was reported to exhibit reversible charge/discharge reactions over 1000 cycles 
at 3.8 V vs. Li/Li+ and charge retention over two weeks due to its robust chemical structure.50 Also, the 
redox-active compounds can be used as electrochromic materials owing to their brilliant color changes 
along with the electrochemical reactions.49, 56-60 
In the case of metallo-polymers, complexes containing Fe, Ru, Ir, and Os have been combined with 
macromolecules (Figure 1.7).61-66 An organometallic battery with poly(vinylferrocene) as the cathode 
showed fast charge/discharge performance at rates exceeding 1 A/g.67 The charge transfer processes of 
ferrocene (Fc) have been extensively analyzed using a series of electrochemical methods and rationalized 
according to Marcus–Hush theory, which has contributed to a fundamental understanding of redox-active 
polymers.68-81 
 
Figure 1.7 Structures of examples of redox-active macromolecular complexes. 
 
Radical polymers can be regarded as a new class compound groups of one-electron type polymers. The 
characteristics of the polymers are described in Section 1.2.3. 
 
(2) Multi-electron type 
Carbonyls, viologens, and other aromatic heterocycles can be used as redox centers for multiple electron 
reactions (Figure 1.8).10, 21 Except for some special cases,82-83 their multi-step, multi-potential redox 
reactions proceed during charging and discharging. The typical capacities of multi-electron systems are 
much larger than those of one-electron systems, but voltage fluctuation associated with the multi-potential 
redox can pose problems for these systems when used as batteries.10, 21 Nevertheless, 
poly(vinylanthraquinone), for example, exhibited a charge/discharge capacity of 229 mAh/g (2 electrons 
per site) at -0.82 V vs. Ag/AgCl in a strongly basic aqueous solution and was durable even after 500 cycles.83 
 
Figure 1.8 Structure of multi-electron-type redox-active polymers. 
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Recently, the concept of “superlithiation” has been proposed for dramatically improving capacity as the 
electrodes of lithium-ion batteries.84-87 For example, 1,4,5,8-naphthalenetetracarboxylic dianhydride 
showed reduction reactions accepting 4 electrons and Li+ at 1 to 2.6 V vs. Li/Li+. Furthermore, this 
compound was shown to be able to accept 14 electrons at more negative potentials and to yield a remarkably 
large capacity of 1973 mAh/g, although its chemical stability and spectroscopic characteristics are not yet 
fully understood (Figure 1.9).  
 
Figure 1.9 Lithiation of 1,4,5,8-naphthalenetetracarboxylic dianhydride. 
 
1.2.3 Organic radical-bearing polymers 
Since the 2000s, radical polymers, in which robust radicals are introduced into aliphatic backbones, have 
been reported as one-electron type non-conjugated polymers.11, 25, 27, 88 The introduced radicals are stable 
even under an ambient atmosphere due to the bulky protecting groups around the redox centers. Remarkable 
chemical stability can be achieved because the oxidized/reduced species of the radicals have no unpaired 
electrons unlike ordinary compounds (Figure 1.10). The reactions involving the radicals do not involve the 
(de)formation of chemical bonds or drastic structural changes, enabling rapid electron transfer. 
 
Figure 1.10 Electron configuration of radicals and their reduced/oxidized species. 
 
TEMPO, 2,2,5,5-tetraalkyl-substituted pyrrolidine-1-oxyl (PROXYL), nitronyl nitroxide, and 
galvinoxyl radicals are representative radicals that show reversible and rapid redox reactions and are used 
as redox-centers in radical polymers (Figure 1.11).11 
 
Figure 1.11 Structures of nitroxide and galvinoxyl radicals. 
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oxoammonium cation as a result of a one electron emission. The cation is stable enough to be isolated as a 
pure substance under an ambient atmosphere (Figure 1.12).89-91 Due to the rather low stability of the reduced 
form of TEMPO compared with that of the oxidized cation, there have been relatively few published studies 
of the electrochemistry of the anion.92-95 
 
Figure 1.12 Redox reactions of TEMPO. 
 
So far, a variety of polymers with TEMPO pendant groups have been reported (Figure 1.13). 
Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl-methacrylate) (PTMA) is the most typical such polymer and 
has been synthesized via free radical polymerization,94 reversible addition−fragmentation chain-transfer 
(RAFT) polymerization,96 atom transfer radical polymerization (ATRP),97-98 and anionic polymerization.99 
In order to prevent side reactions, radical polymerizations have been conducted in the absence of nitroxide 
radicals: the piperidine precursors (which can be oxidized to a radical by mCPBA or H2O2),94 oxidized 
cations,89 or protected forms100 are used instead during polymerization. 
In order to improve material properties such as glass transition temperature and affinity to electrolytes, 
experiments involving the introduction of glycidyl ether,101 vinyl ether,102-104 or siloxane105 backbones have 
also been pursued. Hydrophilic acrylamide backbones have also been examined to achieve fast 
charge/discharge in water electrolytes.104, 106 The photo-crosslinked structure utilizing the unsaturated bond 
in the polynorbornene backbone contributed to the improvement of the charge/discharge cyclability of the 
electrodes.107 
 
Figure 1.13 TEMPO-substituted polymers introduced to a series of aliphatic backbones. 
 
The precise design of the radical polymer has led to additional functions (Figure 1.14). A thermally cross-
linked structure resulting from the application of the Michael addition reaction to radical monomers has 
enabled the use of the polymer as a curing resin.108 Introduction of polycations into the polymer backbones 
contributed to increasing their water solubility, which was favorable for redox flow batteries.109 There is a 
prospect for biocompatible applications by using biodegradable polylactic acid as main chains.110 Precise 
design of molecules such as bottlebrush molecules is also an important approach to tune the physical 
properties and conductivity levels.111 The uses of electrospinning112 and ink-jet printing113 are 
technologically interesting. 
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Figure 1.14 TEMPO-substituted polymers with precise molecular designs. 
 
Nitronyl nitroxide shows good stability in all oxidized/neutral/reduced forms (Figure 1.15).16, 114 New 
types of secondary batteries using such bipolar materials have been attracting attention. For example, the 
crossover problem of active materials in redox flow batteries was partially solved using nitronyl nitroxide 
derivatives.16 
 
Figure 1.15 Reversible redox of nitronyl nitroxide. 
 
The emerging stable radicals, including silicon-based115 and sulfur-based116 compounds, also provide for 
reversible redox. They could be applied to next-generation radical polymers with improved performance 
(Figure 1.16). 
 
Figure 1.16 Redox of silicon-based radicals. 
 
The reversible redox capability of these radical polymers, in addition to their magnetic properties 
resulting from their unpaired electrons, suggest their potentially wide range of applications in 
electrochemical devices.117-118 Secondary batteries have constituted the most representative application of 
these polymers (Figure 1.17).11, 119-120 
The advantages of using radical polymers as electrode active materials are their flexibility as electrodes 
and fast charge/discharge capability, from several seconds to several minutes. Unlike inorganic active 
materials, intercalation of (lithium) ions and resistance to current collectors are avoidable when using 
radical polymers, which is important for realizing a higher energy efficiency and faster response. Since 
these polymers, when carefully designed, show moderate swellability in electrolyte solutions, ionic species 
can easily and quickly move within their electrodes. 
OO
N
O
x
OO
1-x
N
Cl
m
C5H11
O
O
N
O
n
N
O
O O
O
O
O
R O
O
O
O
n
N
O
HN O
x O
O
O
O
O
y
z
N N
O O -e-
+e-
N N
O ON N
O O -e-
+e-
E Si
Si
Si Reduction
Oxidationt-Bu
t-Bu
t-Bu
t-Bu
t-Bu
t-Bu
E Si
Si
Si
t-Bu
t-Bu
t-Bu
t-Bu
t-Bu
t-Bu
E = Si, Ge, Sn
Chapter 1 
 
 
10 
 
 
Figure 1.17 Scheme of a radical polymer battery. 
 
Apart from batteries, the excellent stability, processability, and electrochemical characteristics of the 
radical polymer were revealed to be useful for memory devices,121 conductors,42-43, 45 electrochromic 
devices,122 rectifying elements,123 solar cells,124-125 fuel cells,126 spin labels,127 and other applications.128 
 
1.3 Charge Transport in Redox Polymers 
Charge transfer in redox polymers normally proceeds by band conduction or electron self-exchange 
reactions (or “hopping”) between the neighboring redox sites (Scheme 1.2).66, 129-132 
𝑀 + 𝑀+  ⇄ 𝑀+ + M (in the case of 𝑀 ⇄ 𝑀+ + 𝑒−) 
Scheme 1.2 
 
Movement of compensating ions to the charged redox centers to neutralize the electrical charges can be the 
rate limiting step of charge transport in electrochemical systems (Figure 1.18).129 
 
Figure 1.18 Charge hopping by electron self-exchange reactions in radical polymers. 
 
1.3.1 Electron self-exchange reaction 
Marcus-Hush theory has been applied to understand both charge hopping in conjugated polymers and 
the electron self-exchange reactions of non-conjugated with the existence of electrolytes.9, 133-139 
 
The charge transfer rate, khop, can be expressed as shown in equation (1. 1) 
 𝑘hop = (𝜋 (𝜆𝑘𝑏𝑇)⁄ )
1/2 𝐻AB 
2 ℏ⁄ exp(− Δ𝐺‡ (𝑘𝑏𝑇⁄ )) (1. 1) 
(: reorganization energy; kb: Boltzmann constant; T: temperature; HAB: electronic coupling; ℏ: Dirac’s 
constant; G‡: activation energy for the transition state) 
 Δ𝐺‡ = (𝜆 − 𝐻AB)
2/4𝜆 (1. 2) 
 𝜆 =  𝜆i +  𝜆o (1. 3) 
(i: inner reorganization energy; o: outer reorganization energy) 
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The thermal energy for the reaction is given by the temporary polarization of the external (solvent) 
molecules. Hopping rates of 1010-12 s-1 and about 109 s-1 have been determined, respectively, for the 
conjugated oligomers138-139 and TEMPO133 in an organic solvent. The smaller constant for the latter can be 
explained by its smaller HAB (overlap of wave functions) and larger o (~ 1 eV for electrolytes and ~ 0 eV 
for conjugated polymers). 
Self-electron exchange reactions give rise to drift and diffusion currents in the bulk state according to 
equation (1. 4). 
 𝑞𝑛C𝜇𝐸f + 𝑞𝐷
𝑑𝑛c
𝑑𝑥
 (1. 4) 
(q: charge; nc: carrier density; : mobility; Ef: electric field; D: diffusion coefficient) 
 
The first and second terms of this equation correspond to drift and diffusion current, respectively. The 
mobility, , and diffusion coefficient, D, are functions of khop. In radical polymers, redox mediation was 
reported to induce a diffusion current,129 with the diffusion coefficient expressed according to the Dahms-
Ruff expression.132-133, 140 
 𝐷 = 1 6⁄ ∙ 𝐾A𝐶E𝛿
2𝑘hop + 𝐷phys (1. 5) 
(KA: association constant; CE: concentration of redox sites; : electron hopping distance; Dphys: physical 
diffusion coefficient for the redox centers) 
 
Since the redox-active centers are bound to main chains in most redox polymers, the contribution of 
physical diffusion, Dphys, to the diffusion current is commonly ignored. 
 
1.3.2 Electrochemical response with redox mediation 
The electrochemical responses of the electrodes with diffusive redox mediation, studied in this thesis, 
can be analyzed by using partial differential equations of one-dimensional planar diffusion.137 Unless 
otherwise noted, the numerical solutions of the differential equations, as shown below, were calculated by 
fully implicit methods using Python. 
 
(1) General equations 
Consider a one-dimensional planar diffusion system corresponding to a redox-active layer with a 
thickness of d, and site concentrations of Co and CR for the oxidized and reduced species, respectively. 
Co(x.t) represents Co as a function of the distance from the current collector surface, x, and time, t. In a 
typical one-electron reaction system, the following initial conditions, boundary conditions, and diffusion 
equation hold. 
 
Initial 𝐶𝑜(𝑥, 0) = 0 (1. 6) 
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condition: 𝐶R(𝑥, 𝑡) = 𝐶E = const. (1. 7) 
 𝑓𝑜𝑟 0 ≤ x ≤ 𝑑 (1. 8) 
(In a typical solution system, semi-infinite diffusion (d→∞) is assumed, whereas d is finite for a polymer 
layer.) 
Diffusion equation: 
𝜕𝐶o(𝑥, 𝑡)
𝜕𝑡
= 𝐷
𝜕2𝐶o(𝑥, 𝑡)
𝜕𝑥2
 (1. 9) 
For simplicity, the diffusion coefficients of the oxidized and reduced species are assumed to be the same. 
Total concentration of oxidized and reduced species should be constant. 
 𝐶o(𝑥, 𝑡) + 𝐶R(𝑥, 𝑡) = 𝐶E (1. 10) 
 𝑓𝑜𝑟 0 ≤ x ≤ 𝑑 and 0 ≤ 𝑡 (1. 11) 
 
Boundary condition at the current collector surface (x = 0): 
Flux (Jox) of the oxidized species is correlated with the observed current density, i. 
 𝑖 = −𝑛𝐹𝐽OX (1. 12) 
Butler-Volmer equation holds for Jox.137  
 𝐽OX = 𝑘f𝐶o(0, 𝑡) − 𝑘b𝐶R(0, 𝑡) (1. 13) 
Forward: 𝑘f = 𝑘
0𝑒−𝛼𝑓(𝐸−𝐸
0′ ) (1. 14) 
Backward: 𝑘b = 𝑘
0𝑒(1−𝛼)𝑓(𝐸−𝐸
0′ ) (1. 15) 
 𝑓 = 𝑛𝐹/𝑅𝑇 (1. 16) 
(F: Faraday constant; : transfer coefficient; E: applied potential; E0’: standard electrode potential; R: gas 
constant) 
 
The relationship between flux and the change in concentration at the substrate interface is given by Fick’s 
first law. 
 𝐽𝑂𝑋 = −𝐷
𝜕𝐶o(0, 𝑡)
𝜕𝑥
 (1. 17) 
Boundary condition at polymer layer surface (x = d): 
No flux is available at the polymer surface (Neumann boundary). 
 
𝜕𝐶o(𝑑, 𝑡)
𝜕𝑥
= 0 (1. 18) 
(2) Cyclic voltammetry 
During cyclic voltammetry, triangular waves were generated as the applied potential. Cyclic voltammetry 
is the most commonly used technique to diagnose electrochemical processes. The mathematical treatment 
is rather complicated due to the time-dependent boundary condition. The standard electrode potential, E0’, 
half-wave potential, E1/2, standard rate constant, k0, and diffusion coefficient for charge transfer, D, can be 
estimated by using this technique. 
Boundary condition: 
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Applied potential, E, is expressed by triangular waves, which are characterized by the maximum / minimum 
potentials and scan rate of v (V/s). 
 
Analytical solutions were proposed by Aoki et al.141-142 In a quasi-reversible system, where k0 is not so 
large, the equations become more complicated. The waveform changes depending on D, ko, d, and v. For 
instance, the responses of a typical polymer layer were numerically calculated for various sweep speeds, v, 
specifically 0.1, 1, and 5 mV/s (Figure 1.19–Figure 1.21) 
 
Sufficiently slow scan rate (v = 0.1 mV/s): 
∙ Charge propagates quickly throughout the layer during sweeping. Waves equivalent to 
those of a monolayer can be obtained.129 
∙ The oxidation peak potential (Epa) and the reduction peak potential (Epc) coincide. 
∙ Redox waves are symmetric. 
∙ For a potential sufficiently different from E0 ', all the redox species are oxidized (or 
reduced). Therefore, the current converges to zero. 
 
Figure 1.19 Simulated cyclic voltammogram (v = 0.1 mV/s, CE = 1 mol/L, n = 1, T = 298 K, d = 1000 nm, 
D =10-10 cm2/s, k0 = 10-5 cm/s, step time t = 0.001 s, and step distance x = 5 nm).  
 
Intermediate scan rate (v = 1 mV/s): 
∙ An intermediate response between the semi-infinite diffusion system and the monolayer 
is observed.  
∙ If k0 is sufficiently large, peak separation, ΔEp = Epa - Epc, ranges from 0 (monolayer) to 
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59 mV (semi-infinite). 
∙ By applying a sufficiently large (small) potential, all redox centers are oxidized (or 
reduced), and the current converges to zero. 
 
Figure 1.20 Simulated cyclic voltammogram (v = 1 mV/s, CE = 1 mol/L, n = 1, T = 298 K, d = 1000 nm, D 
=10-10 cm2/s, k0 = 10-5 cm/s, step time t = 0.00002 s, and x = 5 nm). 
 
High scan rate (v = 5 mV/s): 
· Redox waves become similar to those of semi-infinite systems because the sweep rate is 
too fast with respect to the charge transport rate. 
· If k0 is not large enough, ΔE exceeds 59 mV (of the Nernstian system) because the 
electrode reactions proceed rather slowly compared with the fast scan rate.  
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Figure 1.21 Simulated cyclic voltammogram (v = 5 mV/s, CE = 1 mol/L, n = 1, T = 298 K, d = 1000 nm, D 
=10-10 cm2/s, k0 = 10-5 cm/s, step time t = 0.00001 s, and x = 5 nm). 
 
The analytical solutions change depending on whether the system is Nernstian (reversible) or quasi-
reversible (i.e., whether the electrochemical reaction at the interface is sufficiently fast or not). If the 
following equation holds, the system can be regarded as Nernstian.142 
 Λ = 𝑘0 √𝐷𝑓𝑣⁄ ≥ 15 (1. 19) 
In the case of typical redox polymers, quasi-reversible system should be considered because Λ is around 2 
(with v = 5 mV/s, D = 10-10 cm2/s, and k0 = 10-5 cm/s). 
 
Solutions in the case of a sufficiently large k0 (Nernstian system): 
The average of the anodic and cathodic peak potentials, E1/2 = (Epa+Epc)/2, is normally the same as the 
standard electrode potential, E0’. 
 𝐸1/2  = 𝐸
0′ − 𝑅𝑇 (𝑛𝐹)⁄ 𝑙𝑛(𝐷O 𝐷R⁄ )
1/2 (1. 20) 
(In the case of d/D →∞, Λ>15. 
Do and DR are the diffusion coefficients of the oxidized and reduced species, respectively.) 
Current density can be calculated by using equation (1. 21).142 
 𝑖 = 𝑛𝐹𝐶E{𝐷𝑣(𝑛𝐹 (𝑅𝑇)⁄ )
1/2}𝑓(𝑤, 𝜁) (1. 21) 
 𝜁 = 𝑛𝐹 (𝑅𝑇)⁄ (𝐸 − 𝐸0′)  (1. 22) 
 𝑤 = 𝑛𝐹𝑣𝑑2 (𝑅𝑇𝐷)⁄   (1. 23) 
 𝑓(𝑤, 𝜁) = 𝑤
1/2 ∫ 𝜃2(0, 𝑧)
𝑒𝑥𝑝(𝑤𝑧 − 𝜁)
(1 + 𝑒𝑥𝑝(𝑤𝑧 − 𝜁))
2 𝑑𝑧
∞
0
 (1. 24) 
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 𝜃2(0, 𝑢) = 2 ∑ 𝑒𝑥𝑝 {− (𝑘 −
1
2
)
2
𝜋2𝑢}
∞
𝑘=1
 (1. 25) 
The equation becomes simpler when applying the following limiting conditions. 
d/D → ∞ (semi-infinite diffusion): 
 𝑖 = 𝑛𝐹𝐶E (
𝜋𝑛𝐹𝐷𝑣
𝑅𝑇
)
1/2
∫ {exp(𝑧 − 𝜁) (1 + exp(𝑧 − 𝜁))−2}
∞
0
𝑧−1/2𝑑𝑧 (1. 26) 
d/D → 0 (monolayer): 
 𝑖 = 𝑛𝐹𝐶E𝑑𝑣(𝑛𝐹 (𝑅𝑇)⁄ ) exp (𝜁) (1 + exp (ζ))
2⁄  (1. 27) 
 
  (a)      (b)      (c) 
Figure 1.22 Calculated current density during cyclic voltammetry for a Nernstian system with a series of 
values of (a) scan rate v, (b) layer thickness d, and (c) diffusion coefficient D according to equation (1. 21) 
(The constants were used for the calculation were CE = 1 mol/L, n = 1, T = 298 K, v = 5 mV/s, d = 500 nm, 
and D =10-10 cm2/s) 
 
The diffusion coefficient can be estimated by plotting the peak current density, ip, against v. 
 𝑖p = 0.446𝑛𝐹(𝐶E𝐷 𝑑⁄ )𝑤
1/2𝑡𝑎𝑛ℎ(0.56𝑤1/2 + 0.05𝑤) (1. 28) 
 
For d/D → ∞: 𝑖p = (2.69 × 10
5)𝑛3/2𝐷1/2𝐶E𝑣
1/2 (1. 29) 
For d/D → 0 𝑖p = 𝑛
2𝐹2 (4𝑅𝑇)⁄ 𝑣𝑑𝐶E (1. 30) 
Peak separation ΔEp also changes with v. 
 
Δ𝐸p = 1.11 𝑅𝑇 𝑛𝐹)⁄ [+𝑡𝑎𝑛ℎ{2.41(𝑤
0.46 − 1.20)
+ 1.2(𝑤0.46 − 1.20)3}] 
(1. 31) 
ΔEp converges to 57 and 0 mV for d/D = ∞ and 0, respectively. 
 
        (a)         (b) 
Figure 1.23 Scan rate dependence of (a) peak current density, ip, and (b) peak separation,Ep. The 
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calculation was performed using the conditions CE = 1 mol/L, n = 1, T = 298 K, d = 500 nm, and D =10-10 
cm2/s. 
 
Equations for a non-Nernstian system: 
Since the sweep rate is too fast with respect to the electrode reaction rate, the peak separation exceeds 
59 mV (of the Nernstian system). The method developed by Nicholson can be used to estimate k0.137, 143-144 
 𝜓 = 𝑘0 (𝜋𝐷𝑓𝑣)1/2⁄  (1. 32) 
 
Table 1. 1 Parameters for Nicholson’s method 
Ψ ΔEP Ψ ΔEP Ψ ΔEP Ψ ΔEP 
20 61 4 66 1 84 0.35 121 
7 63 3 68 0.75 92 0.25 141 
6 64 2 72 0.50 105 0.10 212 
5 65       
 
Kochi’s method is also available to estimate k0 for a totally irreversible system.145 
 
(3) Chronoamperometry 
Chronoamperometry is a technique used to monitor current density at a constant potential. For polymer 
layers, the technique is mainly used to estimate D. Also, the standard rate constant, k0, can be estimated. 
Normally, sufficiently high or low potentials are applied so that CR or Co becomes zero according to the 
Nernst equation. 
 
Boundary condition (typical case): 
 𝐶R(0, 𝑡) = 0 (1. 33) 
(i.e., E >> E0’ and sufficiently large k0) 
The Cottrell equation holds for the boundary condition.9, 78 
 𝑖 =
𝑛𝐹𝐷1/2𝐶E
𝜋1/2𝑡1/2
[1 + 2 ∑ {(−1)𝑚𝑒𝑥𝑝 (
−𝑚2𝑑2
𝐷𝑡
)}
∞
𝑚=1
] (1. 34) 
The concentration profile is calculated using the following equation.146 
 
𝐶R(𝑥, 𝑡) = 𝐶E − 𝐶E ∑ (−1)
𝑛 {𝑒𝑟𝑓𝑐 (
(2𝑚 + 1)𝑑 − (𝑑 − 𝑥)
2√𝐷𝑡
)
∞
𝑚=0
+ 𝑒𝑟𝑓𝑐 (
(2𝑚 + 1)𝑑 + (𝑑 − 𝑥)
2√𝐷𝑡
)} 
(1. 35) 
In the case of d → ∞ (semi-infinite diffusion), the equations become much simpler. 
 𝑖 = 𝑛𝐹𝐶E(𝐷 (𝜋𝑡)⁄ )
1/2 (1. 36) 
 𝐶R(𝑥, 𝑡) = 𝐶E𝑒𝑟𝑓(𝑥 (2√𝐷𝑡)⁄ ) (1. 37) 
Finite-diffusion effects appear around t-1/2 ~ 0 (i.e., large t) due to the consumption of reduced species 
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throughout the polymer layer. On the other hand, a linear relationship is observed between t-1/2 and i in the 
case of d → ∞.  
 
      (a)     (b)      (c) 
Figure 1.24 Cottrell plots for diffusion coefficient, D, values of (a) 10-9, (b) 10-10, and (c) 10-11 cm2/s and 
layer thickness values ranging from 100 to 1000 nm (CE = 1 mol/L, n = 1, T = 298 K). 
 
   (a)       (b) 
Figure 1.25 Concentration profile during chronoamperometry with layer thickness values of (a) 1000 and 
(b) 500 nm at a series of t-1/2 values (D = 10-9 cm2/s, CE = 1 mol/L, n = 1, T = 298 K). 
 
The standard rate constant can be estimated using the following equations based on the Butler-Volmer 
equation whilst the contribution of the double layer current should be considered with 𝑖𝑡=0. 
 𝑖𝑡=0 = 𝑛𝐹𝑘f𝐶E (1. 38) 
 ln𝑘f = ln𝑘0 − (𝛼𝑛𝐹 𝑅𝑇⁄ )(𝐸 − 𝐸1/2) (1. 39) 
 
(4) Chronopotentiometry 
During chronopotentiometry, the electrode potential is monitored under a constant current. The technique 
is commonly used for charge/discharge measurements of secondary batteries. 
 
Boundary condition: 
 𝑖 = 𝑛𝐹𝐴𝐷
𝜕𝐶O(0, 𝑡)
𝜕𝑥
= 𝑐𝑜𝑛𝑠𝑡. (1. 40) 
Simulations were produced at a series of charge/discharge rates to understand the difference of the 
responses (CE = 1 mol/L, n = 1, T = 298 K, d = 1000 nm, D = 10-10 cm2/s, k0 = 10-5 cm/s, t = 0.0001 s, x 
= 5 nm). The potential losses due to the ohmic resistance (by electrolytes, electrodes, etc.) were neglected. 
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Slow rate (1 C): 
・ The concentration is almost the same throughout the polymer layer because charge 
transport is sufficiently fast. 
・ The obtained capacity coincides with the theoretical capacity. 
・ The potential is almost the same as that from the Nernst equation. 
 
Figure 1.26 Simulated charge/discharge curves at 1 C. 
 
Intermediate rate (10 C): 
・ The obtained capacity is less than the theoretical one because of the slower charge 
diffusion. 
・ Charging potential is slightly higher than the discharge because of the overpotential of 
the electrochemical reaction (i.e., small k0). 
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Figure 1.27 Simulated charge/discharge curves at 10 C. 
 
High rate (100 C) 
・ The obtained capacity and Coulombic efficiency become much lower due to the 
application of large flux. 
・ Potential loss becomes larger because of the overpotential. 
 
Figure 1.28 Simulated charge/discharge curves at 60 C. 
 
For a system with a sufficiently large k0 and D (Nernstian and monolayer conditions), the following 
equation holds (Figure 1.29). 
 𝐸 − 𝐸0′ = 𝑅𝑇 (𝑛𝐹)⁄ 𝑙𝑛((𝐶E − 𝐶R) 𝐶R⁄ ) (1. 41) 
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 𝑆𝑜𝐶 = (𝐶E − 𝐶R) 𝐶E⁄  (1. 42) 
Overpotential can be determined using the Butler-Volmer equation. 
 
     (a)      (b) 
Figure 1.29 (a) Chronopotentiogram for a Nernstian system (with sufficiently large k0). (b) Overpotential 
calculated using the Butler-Volmer equation at SoC = 50%. The calculation was conducted with CE = 1 
mol/L, n = 1, and T = 298 K. 
 
The time until the end of the measurement (transition time), , is determined by equation (1. 43) or (1. 
44). 
For infinite d (Sand equation):137, 147 
 𝑖𝜏1/2 = 𝑛𝐹𝐴𝐷1/2𝜋1/2𝐶E 2⁄  (1. 43) 
For finite d:129, 148 
 𝑖𝜏1/2 =
𝑛𝐹(𝜋𝐷)1/2𝐶E
2𝜏1/2
[1 + 2 ∑ {𝑒𝑥𝑝 (
−𝑚2𝑑2
𝐷𝜏
) −
𝑚𝑑𝜋1 2⁄
(𝐷𝜏)1 2⁄
𝑒𝑟𝑓𝑐 (
−𝑚2𝑑2
𝐷𝜏
)}
∞
𝑚=1
]
−1
 (1. 44) 
The theoretically obtained capacity at any charge/discharge rate can be estimated using  (Figure 1.30). 
 
       (a)     (b)     (c) 
Figure 1.30 Theoretocal capacity at a series of D values and layer thickness, d, of (a) 100 nm, (b) 500 nm, 
and (c) 1000 nm. 
 
(5) AC impedance 
During normal AC impedance methods, small sinusoidal potential waves are applied in the equilibrium 
states of the electrodes. The technique is useful to estimate, for instance, the electrolyte resistance, Rs, 
standard rate constant, k0, diffusion coefficient, D, and other electrochemical parameters. 
 
Boundary condition: 𝐸 = Δ𝐸amp sin(𝜔𝑡) + 𝐸eq (1. 45) 
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(Δ𝐸amp: amplitude; 𝜔: frequency; 𝐸eq: equilibrium potential) 
The resistance components are separated for each frequency by observing the response with a series of 
𝜔 values. The obtained complex impedance is often shown as Nyquist plots. Polymer layers can be 
typically approximated as a Randles circuit with finite diffusion (Figure 1.31).149 
 
(a)                             (b) 
Figure 1.31 (a) Randles circuit for a polymer layer electrode. (b) Nyquist plot of the circuit (Rs = 20 , Cdl 
= 10-5 F, Rct = 30, Y0 = 0.1, B = 10). 
 
The circuit elements have the following physical meanings. 
 
Solvent resistance (Rs): 
Rs is the resistance of the electrolyte solution. This component can be understood by applying Ohm's law. 
Experimentally, Rs includes the resistance of the circuit, current collectors, and other elements. 
 
Constant phase element (CPE): 
CPE corresponds to the electric double layer capacity of the electrode. In an ideal system, it is replaced 
with normal capacitance (Cdl) giving a semicircle in Nyquist plots. Experimentally, a collapsed semicircle 
often appears due to the nonuniformity of the electrode (i.e., the capacitance and charge transfer resistance 
changes slightly depending on the location of the electrode).  
 
Charge transfer resistance (Rct): 
Charge transfer resistance is a value related to the rate of the electrode reaction and the exchange current 
density. Differentiating the Butler-Volmer equation yields Rct (equation (1. 46)) 
 
1/𝑅ct =
𝑑𝐼
𝑑E
=
𝑖0𝐴𝑛𝐹
𝑅𝑇
[𝛼𝑒𝑥𝑝(𝛼𝑛𝐹(𝐸 − 𝐸eq) (𝑅𝑇)⁄ ) + (1 −
𝛼)𝑒𝑥𝑝(−(1 − 𝛼)𝑛𝐹(𝐸 − 𝐸eq) (𝑅𝑇)⁄ )]  
(1. 46) 
In an equilibrium condition (E = Eeq), such as for AC impedance, Rct is usually expressed by using the 
following simpler form. 
 𝑅ct = 𝑅𝑇 (𝑖0𝐴𝑛𝐹⁄ )  (1. 47). 
The exchange current density, i0, is a function of k0. Also, the value changes according to Nernst equation. 
 𝑖0 = 𝑛𝐹𝑘0(𝐶o)
1−𝛼(𝐶R)
𝛼 (1. 48) 
 𝐸eq − 𝐸
0′ = 𝑅𝑇 (𝑛𝐹)⁄ 𝑙𝑛 𝐶O 𝐶R⁄  (1. 49) 
Cdl
Rs
Rct
W
ZW
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During AC impedance, Rct changes with the applied potential Eeq (Figure 1.32), and is at a minimum for 
Eeq-E0’ = 0 ( = 0.5). 
 
 
Figure 1.32 Rct as a function of Eeq and . 
 
The resistance determined using equation (1. 47) does not normally appear during typical DC-type 
measurements because Rct estimated by AC impedance includes both the contribution of forward and 
backward reactions (i.e., it considers exchange current density, i0). On the other hand, during normal DC 
measurements, where only one forward/backward reaction is of interest, the potential loss should be 
estimated by using the Butler-Volmer equation instead of the exchange current. 
 
Warburg impedance (ZW): 
Warburg impedance is a parameter related to diffusion. The diffusion coefficient, D, for charge transport 
in the polymer can be estimated by analyzing ZW. In the case of a finite layer thickness, d, two types of 
diffusion regions appear in the Nyquist plot: (a) a line with slope of 45 degrees (diffusion) and (b) a line 
with slope of 90 degrees (charge saturation). 
 𝑍W = (𝑌0√𝑗𝜔tanh(𝐵√𝑗𝜔))
−1  (1. 50) 
 𝐵 = 𝑑 √𝐷⁄  (Y0: fitting parameter) (1. 51) 
In the case of d/D → ∞ (semi-infinite diffusion limit), only a line with slope of 45 degrees appears. 
 𝑍W = (𝑌0√𝑗𝜔)
−1 = σ𝜔−1 2⁄ (1 − 𝑗)  (1. 52) 
 𝜎 = 𝑅𝑇 (𝑛2𝐹2𝐴√2)⁄ (1 (𝐷O
1/2
𝐶O)⁄ + 1 (𝐷R
1/2
𝐶R)⁄ ) (1. 53) 
The concentration distribution in the finite thickness system is expressed by equation (1. 54). 
 
𝛥𝐶(𝑥, 𝑡) = 𝐶O(𝑥, 𝑡) − 𝐶E 
= Re[𝐴compcosh{√𝑗𝜔 𝐷⁄ (𝑑 − 𝑥)}exp(−𝑖𝜔𝑡)]  
(1. 54) 
 𝑗 = √−1  (1. 55) 
The complex constant, Acomp, is determined using equation (1. 56) with a small oscillating approximation 
and the Nernst equation. 
 Δ𝐸ampcos(𝜔𝑡) = 𝑅𝑇 (𝑛𝐹)⁄ ∙ ΔC(0, t) 𝐶E⁄  (1. 56) 
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When the frequency becomes sufficiently low, the concentration of the oxidized/reduced species becomes 
the same throughout the layer, resulting in a decreased flux (charge saturation region, Figure 1.33). 
 
       (a)     (b) 
Figure 1.33 Concentration profile during AC impedance calculated using equation (1. 54) at a series of 
frequencies (with each frequency tested 10-fold greater than the previous one) and time points (a) t = 0 and 
(b) 1/(2) (D = 10-10 cm2/s, Δ𝐸amp = 1 mV). 
 
1.4 Cooperative Electrochemical Reactions 
In a cooperative system, where molecules work together for a common purpose, interesting phenomena 
such as sharp responses, drastic structure changes, and unexpected functions, can be observed. Artificial 
self-assembled structures,150-152 folding/unfolding of proteins,153-154 tandem reactions,155 and some 
photoredox reactions156 are representative cases of cooperativity. Here, cooperative reactions related to 
organic electrochemistry are summarized. 
 
1.4.1 One-step multi-electron redox reaction 
Some organic compounds exhibit multi-electron redox reactions at only one potential due to the potential 
inversion and disproportionation processes.157-160 For instance, anthraquinone (AQ) exhibits, in aqueous 
medium, the equilibrium reaction shown in Scheme 1.3161-162 
2AQ∙− ⇄ AQ + AQ2− 
Scheme 1.3 
The radical anion (AQ∙−) is known to disproportionate immediately to yield the dianion AQ2− and the fully 
oxidized form AQ in the presence of protons.162 The one-step two-electron reaction is useful for high-
capacity electrode active materials with a constant voltage operation.83 Generally, such disproportionation 
reactions occur when the potential of the intermediate is higher/lower than that of the fully oxidized/reduced 
species (potential inversion).  
A potential inversion is normally induced by steric hindrance of the intermediates.158 Evans et al. have 
shown that dinitrodurene, which is characterized by a planar durene ring in the neutral state, adopts a 
drastically different structural in the dianion state (Figure 1.34).159 The steric interaction between the methyl 
groups induce the boat conformation of the dianion, whose free energy is certainly lower than that of the 
one-electron reduced intermediate. 
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Figure 1.34 Reversible redox of dinitrodurene. 
 
For potential inversions, bulky substituents, such as methyl, cyan, nitro, and phenyl derivatives, are 
commonly introduced to aromatic rings (Figure 1.35).159 The delicate balance between the conjugation and 
steric hindrance is a key factor to consider for tuning the redox potential of the fully oxidized/reduced states.  
 
Figure 1.35 Aromatic compounds giving potential inversion. 
 
Schubert et al. reported the use of the 9,10-di(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene (exTTF) 
polymer (Figure 1.36) as the cathode active material for lithium-ion batteries.82 The compound showed 
two-electron redox at -0.2 V vs. Fc/Fc+ and a specific capacity of 132 mAh/g. Its fast disproportionation 
enabled one-step redox and fast charge/discharge at a rate of 1–5 C. Rheingold’s group reported the six-
electron redox reaction of a viologen derivative, which could be used as an electrode active material with 
enhanced capacity (Figure 1.37).163 
 
Figure 1.36 π-Extended tetrathiafulvalene-substituted polymer as the cathode active material. 
 
Figure 1.37 Six-electron redox of hexakis(4-(N-butylpyridylium))benzene. 
 
Using metal complexes is another approach for achieving the potential inversion. Although fewer such 
studies using metal complexes have been reported than those using aromatics, copper and osmium 
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complexes were shown to provide two and three-electron redox reactions, respectively (Figure 1.38).164-165 
It should be noted that metal complexes such as porphyrin- and corrole-based compounds have been widely 
studied as catalysts of oxygen and hydrogen oxidation/reduction, which are one-step multi-electron 
electrochemical reactions.166 
 
Figure 1.38 Metal complexes for one-step multi-electron redox. 
 
1.4.2 Supramolecular system with redox reactions 
Cooperativity is often observed with supramolecular structures due to their dynamic structural 
changes.167-169 Stimuli-responsive molecular catalysts have been developed utilizing the dynamic 
conformational changes and reactivity induced by external stimuli such as light.168 For instance, Kurihara 
et al. developed azobenzene-tethered bis(trityl alcohol) as a catalyst showing photoswitchable reactivity 
(Figure 1.39).170 The neighboring OH groups in the cis state of the azobenzene derivative functioned 
cooperatively as an acid catalyst whilst their reactivity was decreased in the trans state due to a resulting 
weaker acidity. 
 
Figure 1.39 Azobenzene-tethered bis(trityl alcohol) as a photoswitchable catalyst. 
 
 The reversible redox reactions were also utilized to configure the supramolecules. By chemically 
oxidizing/reducing a sulfur-containing crown ether, the recognition capability of Ag+ ions was reversibly 
switched (Figure 1.40).171 In the reduced form, the compound formed a complex with an Ag+ utilizing the 
cavity in the ether ring. In contrast, no complex could be formed in the oxidized state because the cavity 
was filled with the disulfide bond. 
 
Figure 1.40 Redox control of the recognition of Ag+ ions by a crown ether. 
 
Redox tuning of host-guest interaction was found to be useful for modulating hydrogels (Figure 1.41).172-
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174 Harada et al. synthesized poly(acrylic acid) modified with cyclodextrin and Fc.172 The host-guest 
interaction between the two units provided the supramolecular cross-linked structure of the polymers. On 
the other hand, the bonding was broken by Fc+. The redox-induced reversible formation/deformation of the 
gel could be used for self-healing purposes. Also, the configurations of metal-organic frameworks could be 
tuned by use of redox reactions.175-176 
 
Figure 1.41 Redox-responsive host and guest polymers. 
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2.1 Introduction 
Rechargeable devices such as lithium-ion batteries have been attracting considerable attention as 
promising energy sources for portable electronics by virtue of their high energy and power density.1–3 One 
of unsolved issues left in rechargeable or secondary batteries is to accelerate electrochemical reactions in 
the electrodes in addition to their energy density. In typical cases, charge/discharge rate is limited up to 0.2–
5 C (x C corresponds to 1/x hour full-charging or discharging) because the reactions upon the intercalation 
of lithium ions into/out of the inorganic electrode-active materials (e.g., LiCoO2 and LiFePO4) require large 
activation energy4,5 and thus become the rate-limiting process. 
Fabricating electrodes with nano-architecture design is an efficient way to cope with the rate limit.6–9 
Applying nanosized or porous electrode-active materials resulted in the increase in the interface area 
between the inorganic electrode and the electrolyte solution, and, for example, ultrafast output at a rate of 
102 C has been reported.6–9 The electron transfer throughout the whole electrodes could be facilitated by 
nanocarbons such as carbon nanotube and graphene10,11 which had extremely large surface area (ca.105 
cm2/g) and conductivity (ca. 103 S/cm).12 Nonetheless, the loaded capacity upon current collectors (per unit 
area) of the previously reported so-called “ultrafast electrodes” remained around 0.1 mAh/cm2 (or not 
mentioned6,13,14) and the typical current density was also only up to 10 mA/cm2.7–9,15 The current was far 
lower than those of super capacitors (102–3 mA/cm2, Figure 2. 1).16,17 Since high power sources are also 
required for wearable and portable devices (e.g., radio transmission and flashing light), such low current 
density is clearly hampering the practical application of the ultrafast electrodes and suggests the limitations 
of the previously reported electrode design. 
 
Figure 2. 1 Relationship between obtained electrode capacity and output current for rechargeable electrodes. 
Red circles show the experimental results in this work and other plots (ultrafast electrodes,7–9,15 
conventional lithium ion batteries,18,19 and non-conjugated type organic electrodes20–24) were reproduced 
from previous reports.  
 
As an essential alternative to the inorganic electrode-active materials, this chapter reports the organic 
radical polymer/nano carbon hybrids, which exhibit exceptionally large current density (1 A/cm2), 
moderately high loading capacity (3 mAh/cm2), mechanical robustness including stretchability, ultra-safety, 
and environmental compatibility. Organic redox-active compounds, represented by radical polymers in 
which robust radicals are pendantly introduced on polymer chains, have attracted remarkable attention as 
one of the promising electrode materials thanks to their fast response (<101-3 seconds), capacity (>102 
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mAh/g), cycle life (>103 cycles), and constant voltage operation.13,20,25–32 The radical polymers show the 
excellent rate characteristics exceeding 103 C because the robust radical redox-active sites show the high 
electrochemical reactivity and are accumulated in very large population.26,27,29–31,33 In the electrolyte 
solution, the polymers are not soluble but sufficiently swell so that electrolyte ions move smoothly through 
the polymer gels.34 
As nanocarbon, the recently emerging single-walled carbon nanotube (SWNT) synthesized by enhanced-
direct-injection-pyrolytic-synthesis (eDIPS) method was successfully hybridized with the radical polymer, 
because of their highest class conductivity, crystallinity, mechanical strength, and mass-producibility.35–37 
It was revealed that the entire surface of the SWNT composited with polymer functioned as the 
electrochemically reactive interface, resulting in 105 (per 1 g of SWNT)-fold acceleration of the redox 
reactivity. The interface of the radical polymer/SWNT was excellent in adhesiveness and thus the ohmic 
resistance of the interface became zero in contrast to inorganic-active materials. Finally, a thin, bendable, 
totally organic-based battery was fabricated by using sodium chloride aqueous solution as the electrolyte 
to demonstrate the versatility of the finding. The hybrid with SWNT was effective not only for radical 
polymers but also for a wide range of redox-active species. The fabricated battery is a remarkable prototype 
for organic-based bendable secondary batteries that are environmentally and human friendly. 
 
2.2 Electrochemical Characteristics of a Poly(TEMPO-substituted acrylamide) Layer 
Cathode-active polymer, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide) (PTAm)29,30 was 
synthesized via the one-step condensation between poly(acrylic acid) (PAA) and 4-amino 2,2,6,6-
tetramethylpiperidine-1-oxyl (4-amino TEMPO) using the coupling reagent DMT-MM according to the 
previous procedure (Figure 2. 2(a)).38 The hydrophilic poly(acrylamide) main chain was selected as the 
backbone of the polymer to increase the affinity for aqueous electrolytes, and the TEMPO moieties were 
introduced to the PAA main chain as the cathode-active sites. The introduction rate, x, of TEMPO moieties 
to PAA and the theoretical capacity of the polymer was measured with a SQUID vibrating sample 
magnetometer (x = 0.56 and 95 mAh/g). The remaining hydrophilic acrylic acid unit in the copolymer was 
expected to increase the affinity of the material for aqueous electrolytes. 3 M NaCl aqueous solution was 
as the highly conductive electrolyte to exploit the maximum output capability of the electrode. 
 
  (a)    (b) 
 
Figure 2. 2 (a) Structure of PTAm and SWNT. (b) Schematics for the charge transport in the radical 
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polymer/SWNT hybrid. 
 
Initially, the electrochemical properties of a thin layer electrode were analyzed in the absence of 
conductive carbon. Heterogeneous electron transfer rate constant k0 and charge transport diffusion 
coefficient D were determined. The constants were used to determine the parameters of the hybrid 
electrodes. AC impedance was used for the polymer electrode. A Randles circuit39 expressed the 
experimental data, suggesting that the impedance consisted of electrolyte (+ circuit) resistance Rs, charge 
transfer resistance Rct between the radical polymer and substrate, diffusive charge propagation element in 
the polymer (finite-length Warburg impedance, Figure 2. 3) Zw, and a constant phase element. Rct is 
approximated by equations (2. 1)–(2. 3) for conventional redox-active species.40  
 𝑅ct = 𝑅𝑇 (𝑖0𝐴𝑛𝐹)⁄  (2. 1) 
 𝑖0 = 𝑛𝐹𝑘
0(𝐶o)
1−𝛼(𝐶R)
𝛼  (2. 2) 
 𝐸 − 𝐸1 2⁄ = 𝑅𝑇 (𝑛𝐹)⁄ 𝑙𝑛 𝐶O 𝐶R⁄  (2. 3) 
(R: gas constant, T: temperature, i0: exchange current density, A: surface area of the electrode, n: number of 
moles of electrons in the reaction (= 1), F: Faraday constant, k0: heterogeneous electron transfer rate 
constant, CO: concentration of the oxidized species, CR: concentration of the reduced species, : transfer 
coefficient (assumed to be 0.5), and E: applied DC potential.)  
 
Equations (2. 1)–(2. 3) quantitatively explained the experimental potential dependence of exchange 
current density i0 calculated by Rct, suggesting the absence of unfavorable resistance or irreversible 
reactions. The heterogeneous electron transfer rate constant, k0, was calculated as 4.5 × 10-5 cm/s, which 
was comparable to previously reported redox-active polymers including poly(vinylferrocene) (~10-5 
cm/s).40,41 The overall ideal responses of Rct to the applied potential is a major advantage of the organic 
compounds because, in contrast, conventional inorganic lithium-based metal oxides suffer from 
unintentionally large and non-ideal electrode resistances caused by lithium ion insertion in active materials, 
solvation/desolvation of the ions, and ion adsorption processes.42,43 To describe the charge propagation 
induced by the electron self-exchange reaction in the polymer layer quantitatively, Warburg element Zw 
with a finite-length reflective boundary expressed by equations (2. 4) and (2. 5) was used.39 
 𝑍W = (𝑌0√𝑗𝜔tanh(𝐵√𝑗𝜔))
−1 (2. 4) 
 𝐵 = 𝑑 √𝐷⁄  (2. 5) 
 (Y0: fitting parameter, j: imaginary unit, : frequency, B: fitting parameter, and D: diffusion coefficient.) 
 
   (a)                           (b) 
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(c)                           (d) 
 
Figure 2. 3 (a) Equivalent circuit for a thin-layer electrode of PTAm. (b) Electrochemical impedance 
spectrum of the electrode measured at a DC bias potential E = E1/2 (104–10-2 Hz). (c) Bias potential 
dependence of the capacitive semicircles corresponding to the charge transfer resistance (104 to 5 × 102 Hz). 
(d) Dependence of exchange current density on bias potential E. Electrode thickness was 1.1 m. Dashed 
lines show the fitting results. 
 
The diffusion coefficient, D, derived from the fitting was determined to be 7.9 × 10-10 cm2/s, indicating 
the rapid electron exchange between the adjacent redox-active sites similar to previously reported radical 
polymers (~10-10 cm2/s).26,29 The nearly ideal diffusive behavior was also observed during 
chronoamperometry (i.e., constant potential electrolysis). The response was expressed by the Cottrell 
equation modified with a finite-length boundary (2. 6).44 
 𝑖 =
𝑛𝐹𝐷1 2⁄ 𝐶∗
𝜋1 2⁄ 𝑡1 2⁄
{1 + 2 ∑ ((−1)𝑚exp (
−𝑚2𝑑2
𝐷𝑡
))
∞
𝑚=1
} (2. 6) 
 (i: current density, C*: initial site concentration in the layer, and t: time.) 
The Cottrell equation enabled the evaluation of D for charging and discharging reactions. A larger 
coefficient was obtained during oxidation (D = 12 × 10-10 cm2/s) than during reduction (D = 9.2 × 10-10 
cm2/s). Electrostatic interactions among the redox species and ions may explain the different diffusive 
behavior of the charge propagation. The similar coefficient D obtained by AC impedance and 
chronoamperometry indicated that both measurements were valid. 
 
Figure 2. 4 Cottrell plots for charging and discharging reactions of a PTAm thin layer (thickness 1.1 m) 
after applying potential pulses of 0 to 1 V and 1 to 0 V vs. Ag/AgCl, respectively. Dashed lines represent 
the Cottrell equation. 
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2.3 Charge Transport in Radical Polymer / Carbon Nanotube Hybrids 
5 wt % of SWNT (aspect ratio of >2000 and effective surface of 3.4 × 105 cm2/g)35–37 was hybridized 
with PTAm by grinding in a mortar using N-methylpyrrolidone as the solvent. Due to the high capability 
of forming a conductive network by SWNT, 35–37 the addition amount of the conductive agent was 
remarkably reduced than those of the previously reported organic-based electrodes (30–80 wt %) using 
other carbon additives such as vapor grown carbon fiber (VGCF).28,32 As the control, the author also studied 
response of the PTAm hybrid with the 1 wt % SWNT. Electron microscope images shown in Figure 2. 5 
meant that a conductive network of the nanotubes was formed even after the hybrid formation with PTAm.  
 
    (a)    (b) 
Figure 2. 5 (a) SEM image of SWNT. (b) TEM image of the PTAm/SWNT hybrid. Nanotubes 
were marked by yellow lines. 
 
As a preliminary experiment, the effect of a conductive layer between a current collector and the hybrid 
was examined. The hybrid electrodes with 1 and 5 wt % of SWNT directly formed on titanium foil also 
exhibited nearly quantitative charging/discharging responses at 10 C, although the potential loss was large 
(Figure 2. 6). In contrast, the substantially lower potential loss was obtained by inserting a 4-m-thick 
conductive SWNT layer between the metal foil and the hybrid material (Figure 2. 7). 
 
 
  (a)    (b)        (c) 
Figure 2. 6 (a) Chronopotentiograms for 5 and 1 wt % SWNT hybrid electrodes at a rate of 10 C. (b) Nyquist 
plots for the electrodes measured at E = E1/2. (104–10-3 Hz) (c) Relationship between frequency and absolute 
value of impedance |Z|. The theoretical capacity of the electrodes was calculated to be 0.84, 0.29, 1.4, and 
0.36 mAh/cm2 for the 5 wt % (without SWNT layer), 1 wt % (without), 5 wt % (with), and 1 wt % (with) 
electrodes, respectively. 
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Figure 2. 7 Chronopotentiograms obtained for hybrid electrodes measured at 10 C (loading capacity: 1.3-
1.4 mAh/cm2).  
 
The interfacial resistance, Rint, may have increased in the absence of the conductive layer. In other words, 
the high electric resistance of the polymer inhibited the ideal contact between the metal foil and SWNT.23 
The larger electrode resistance, Rf, in the absence of the SWNT layer, also suggested the contribution of 
Rint. The sharp increase in the absolute impedance, |Z|, at 104–102 Hz indicated the dominant contribution 
of the electric conduction, not the charge transfer reaction, because of its high frequency.39  
The volume resistivity and the thickness of the hybrid material were low enough (<1  cm and ~200 m, 
respectively) that the contribution of the bulk resistance of the electrode (1  cm × 200 m/0.25 cm2 = 0.08 
) was negligible compared with the interface resistance. In summary, reducing the interface resistance is 
the main requirement for increasing the current density because the interface resistance is usually the largest 
electrode resistance.23 The previously reported high weight ratio of conductive agents and low loading of 
the active materials could be partially explained by the large interface resistance. In the following 
experiments, 4-m-thick SWNT layers were inserted between the composite materials and current 
collectors to reduce the interface resistance. 
 
As one typical example, an electrode with the theoretical loading capacity of 1.4 mAh/cm2 was prepared. 
By using the 5 wt % SWNT hybrid, the electrode showed reversible redox waves at E1/2 = 0.66 V vs. 
Ag/AgCl ascribed to the redox reaction of PTAm (Figure 2. 8(a)).  
 
    
    (a)         (b) 
Figure 2. 8 (a) Cyclic voltammograms obtained for the pristine layer of PTAm (red solid line) and the 5 
wt % SWNT hybrid (blue dashed line), measured at 1 mV/s. (b) Rate dependence of the discharge capacity 
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of the hybrid. Inset: Charge/discharge curve at a rate of 10 C. Dashed lines were calculated by analytical 
solutions (blue: planar diffusion, black: cylindrical). 
 
The estimated integral charge of 1.2 mAh/cm2 was in a good agreement with the loading capacity. The 
percolating SWNT network formed in the hybrid functioned as an excellent conductive agent and further 
as the electrochemically reactive interface with the radical polymer. Since SWNT with an area A of 260 
cm2 (= {specific surface area of SWNT} × {added amount of carbon in the hybrid} = 3.4 × 105 cm2/g × 
0.77 mg) per unit area of electrode (= 1 cm2) was composited with PTAm, in this example, 260 times 
increase in current density could be expected as the simple calculation in comparison with that of the 
pristine PTAm electrode (Figure 2. 2(b)). As the reference, cyclic voltammetry of the SWNT-free PTAm 
layer electrode was examined. The electrochemical of the electrode with an area of 260 cm2 gave a good 
agreement in current and capacity with those of the hybrid (i.e., 1.4 and 1.2 mAh/cm2 for the thin layer and 
the hybrid, respectively, Figure 2. 8(a) and Figure 2. 9). 
 
Figure 2. 9 Cyclic voltammogram obtained for a thin layer of PTAm with a thickness of 0.53 m (scan rate: 
1 mV/s). The current density and integral charge were multiplied by a factor of 260 for the comparison with 
the hybrid electrodes. 
 
This agreement suggested that the hybrid electrode containing SWNT with a surface area of A cm2 was 
practically equivalent to the pristine thin layer electrode with an area of A cm2, which could result in the 
dramatic enhancement of the redox reactivity. The following discussion in the next section also revealed 
that the ideal, ohmic-free charge transfer between PTAm and SWNT enabled such quantitative 
enhancement. This should be the first case where the added area of the conductive agent and the increment 
of the current coincided quantitatively. In the previous reports, the amplification factor of the current density 
was much lower than the area of the conductive agent (not discussed in most cases) mainly because of the 
unintentional energy barriers for the charge transfer at the interface of active materials and conductive 
agents.10,13 
 
The hybrid enabled the tremendously fast charging/discharging. The electrode exhibited a nearly 
quantitative charging capacity of, for example, 90 mAh/g during the constant current charging/discharging 
measurements at a rate of 10 C (Figure 2. 8(b)). Exceptionally high output was also achieved at 720 C 
(corresponding to a current density of 590 mA/cm2 and a specific rate of 68 A/g, Figure 2. 10). 
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      (a)      (b) 
Figure 2. 10 Discharge curves of the 5 wt% SWNT hybrid t a loading of (a) 0.8 and (b) 1.4 mAh/cm2. 
 
The obtained output and electrode capacity per area were about 100 times those of the results for the 
previously reported so-called ultrafast electrodes and organic-based electrodes (Figure 2. 1).24,32,45 An 
extraordinarily high specific rate of 68 A/g was one of the best results for rechargeable electrodes including 
supercapacitors ever reported (100–1 A/g).9,15,17,31 It should be noted again that the ultrafast electrodes tended 
to suffer from the low loading capacity of only ca. 0.1 mAh/cm2, 9,15 whilst this electrode was with 101 times 
higher 1–3 mAh/cm2 (Figure 2. 11).  
 
Figure 2. 11 Charging capacity for the hybrid electrodes at 10 C. 
 
A discharge current of over 1 A/cm2 was also observed during the constant potential measurements (as 
discussed later in Figure 2. 13). This substantially large current density was comparable to or even higher 
than all of rechargeable electrodes reported so far,7,46 and suggests that it would be possible to fabricate 
extremely high-power electrodes using lithium ion-based electrolytes and anodes (68 A/g × 3 V = 205 
kW/kg, assuming constant 3 V output). The calculated power density was certainly larger than those for all 
of conventional electronic storage devices, including fuel cells, batteries, double-layer capacitors, and 
electrostatic capacitors.17,47 Further, over 102 mA/cm2 current density was observed by the PTAm/SWNT 
hybrid even in lithium ion-containing organic electrolytes (Figure 2. 12).  
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      (a)    (c) 
Figure 2. 12 Discharge curves and obtained capacity for the hybrid measured in (a) 1 M 
tetraethylammonium perchlorate in acetonitrile and (b) 1 M lithium perchlorate in acetonitrile. 
 
Chronoamperometry and AC impedance were used to evaluate reactive interface, A, apparent polymer 
thickness, d, and the validity of the hybrid electrode model in Figure 2. 2(b). By applying a sufficiently 
large overpotential to the composite electrode (-1 V vs. Ag/AgCl), nearly ideal diffusion was observed 
(Figure 2. 13). This nearly ideal finite-length diffusive response was obtained only when the apparent 
thickness of the polymer was less than the diffusion length, (Dt)0.5, in the measuring time. The ohmic 
potential loss from the electrodes and electrolytes must be negligible compared with the applied potential. 
Therefore, no useful data could be obtained with the 5 wt % VGCF composite or most of the other electrodes 
by chronoamperometry because of their large apparent polymer thickness and large ohmic potential loss. 
 
Figure 2. 13 Cottrell plot for the 5 wt % SWNT hybrid electrode after applying pulses of 1 to -1 V vs. 
Ag/AgCl (1.4 mAh/cm2). Dashed lines show the fitting results with planar and cylindrical diffusion. 
 
The fitting of the experimental plot by the Cottrell equation with a finite-length boundary (2. 6) estimated 
A = 280 cm2 and d = 0.71 m assuming the diffusion coefficient D = 9.2 × 10-10 cm2/s for the 5 wt % SWMT 
electrode.  
The reactive interface area of 280 cm2 calculated by chronoamperometry was in an excellent agreement 
with the surface area of the composited SWNT (260 cm2). Another important parameter, apparent polymer 
thickness d, was estimated using the approximate equation, d = {polymer volume} / {SWNT surface area} 
= 0.6 m. The calculated thickness corresponds to the charge transport distance by radical polymer layer.26 
The evaluation by chronoamperometry also gave the remarkably similar value of d = 0.7 m, supporting 
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the electrode model in Figure 2. 2(b). High output was achieved by the fact that d was sufficiently shorter 
than the charge transportable distance by the radical polymer calculated from the diffusion equation (Dt)0.5 
= 6 m, where t is time (= 360 s at a rate of 10 C, for instance). Further, the ideal dependence of charge 
transfer resistance on applied potentials by AC impedance meant that the exceptionally fast charge transfer 
reactions successfully proceeded in the absence of ohmic resistance and unintentional energy barriers 
(Figure 2. 3). The intimate contact between polymers and SWNT enabled such ohmic-free charge transfer 
in contrast to inorganic-active materials.4,5,26 
Also, the discharge capacity during chronopotentiometry corresponded to the theoretical transition time, 
, by equation (2. 7), supporting the validity of the proposed model (Figure 2. 8(b)). 
 𝑖𝜏1/2 =
𝑛𝐹(𝜋𝐷)1/2𝐶∗
2𝜏1/2
[1 + 2 ∑ {𝑒𝑥𝑝 (
−𝑚2𝑑2
𝐷𝜏
) −
𝑚𝑑𝜋1 2⁄
(𝐷𝜏)1 2⁄
𝑒𝑟𝑓𝑐 (
−𝑚2𝑑2
𝐷𝜏
)}
∞
𝑚=1
]
−1
 (2. 7) 
The type and the loading amount of conductive agent were changed to further understand the charge 
transport process in the hybrids. Vapor grown carbon fiber (VGCF) with an aspect ratio of 60 was tested as 
the control to SWNT. Almost quantitative redox capacity was obtained with 1 and 5 wt % SWNT hybrid 
electrodes with a loading capacity of ~3 mAh/cm2 at a rate of 10 C (Figure 2. 11 and Figure 2. 16). On the 
other hand, the 5 wt % VGCF composite electrode exhibited practically no charging/discharging capacity, 
probably because of the poor electrical conductivity of the electrode. A TEM image meant that a percolating 
conductive network was not formed by the addition of 5 wt % VGCF (Figure 2. 14(a)). The electron 
conductivity measurements of the composite electrodes by the four-probe method also supported the 
validity of the three-dimensional current collection models for the radical polymer/carbon hybrid (Figure 
2. 14(b)). The considerably larger conductivity, , was obtained with the SWNT composite for a wider 
range of carbon ratio, m (wt %), than with the VGCF composite. The experimental dependence of  on m 
was expressed by a power law relation for a percolation model:48 𝜎 ∝ (𝑚 − 𝑚𝑐)
𝛽 (mc: concentration 
threshold and : critical exponent). The lower threshold of mc = 0.0083 wt % was obtained with the SWNT 
hybrid electrodes owing to the high aspect ratio of the fibers. The maximum conductivity of  = 30 S/cm 
at 25 wt % SWNT and the exceptionally low percolation threshold are outstanding results for 
polymer/carbon composites (typically mc = 10-3 wt % for state-of-the-art materials).48 However, a higher 
limit of mc = 9.6 wt % was obtained with the VGCF loading electrodes because of the lower aspect ratio. 
The poor electrochemical characteristics of the 5 wt % VGCF electrodes could be explained by the loading 
of the conductive agents being lower than the percolation threshold. Further, the PTAm/SWNT hybrid 
showed 101–5 times higher conductivity compared to those of the previously reported organic electrodes 
composited with graphene (10-5 S/cm with 6 wt % agent)13 and SWNT (10-1 S/cm with 5 wt %).31 Use of 
nanocarbons with high aspect ratio and few structural defects, which could be synthesized by eDIPS 
method,35–37 was essential for achieving highly conductive percolation networks in the hybrid electrodes. 
Chapter 2 
46 
 
 
   (a)         (b) 
Figure 2. 14 (a) TEM image for a 5 wt % VGCF composite electrode. Nanotubes were marked by yellow 
lines. (b) Conductance of the PTAm/carbon composite electrodes measured by the four-probe method. 
Dashed curves show the fitting results expressed by 𝜎 ∝ (𝑚 − 𝑚𝑐)
𝛽. 
 
AC impedance was used to estimate the reaction interface area, A, and apparent thickness of polymer, d, 
with a series of loading capacity (Figure 2. 15). 
 
Figure 2. 15 Reactive interface area for the PTAm/carbon hybrid electrodes estimated by impedance. Right 
axis: apparent diffusion distance for the hybrid electrodes. 
 
A modified Randles circuit was proposed as the model (Figure 2. 16). The charge transfer resistance, Rct, 
in the original circuit was replaced by the hybrid electrode resistance, Rf, which included Rct, 
electrode/metal current collector interfacial resistance Rint, and other ohmic components Ro.23 
       
Figure 2. 16 Equivalent circuit for PTAm/carbon hybrid electrodes. 
 
The fitting of the experimental impedance spectra with the assumed circuit indicated that the circuit was 
valid (Figure 2. 17). The electrode resistance, Rf, exhibited the DC potential dependence originating from 
the change in the charge transfer resistance, Rct, expressed by equations (1)–(3) (Figure 2. 18). Because 
interfacial resistance Rint and other component Ro were ohmic, Rf was expressed by equation (2. 8). 
 𝑅f = 𝑅ct + 𝑅int + 𝑅o =  𝑅ct + 𝑐𝑜𝑛𝑠𝑡. (2. 8) 
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  (a)    (b)   (c) 
Figure 2. 17 Electrochemical impedance spectra for the (a) 5 wt % SWNT (104-10-3 Hz), (b) 1 wt % SWNT 
(104-10-3 Hz), and (c) 5 wt % VGCF (104 to 3 × 10-4 Hz) hybrid electrodes at a DC bias potential of E = 
E1/2.  
 
(a) 5 wt % SWNT 
 
 
 
 
 
 
0.23 mAh/cm2     1.4 mAh/cm2   3.3 mAh/cm2 
(b) 1 wt % SWNT 
 
 
 
 
 
       0.36 mAh/cm2   0.9 mAh/cm2   
(c) 5 wt % VGCF 
 
 
 
 
 
0.18 mAh/cm2      0.58 mAh/cm2     1.4 mAh/cm2 
Figure 2. 18 Electrochemical impedance spectra of (a) 5 wt % SWNT, (b) 1 wt % SWNT, and (c) 5 wt % 
VGCF composite electrodes for determining electrode resistance with a series of bias voltages (104 to ca. 
1.5 × 102 Hz). 
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The experimental dependence of Rf on applied potential could be explained quantitatively by equation 
(2. 8) (Figure 2. 19). 
 
 
   (a)    (b)     (c) 
Figure 2. 19 Dependence of electrode resistance Rf on applied bias potential E for (a) 5 wt % SWNT, (b) 1 
wt % SWNT, and (c) 5 wt % VGCF composite electrodes. 
 
The reactive interface area, A, was derived from the fitting, assuming that heterogeneous charge transfer 
rate constant k0 (= 4.5 × 10-5 cm/s) held for the carbon fiber/radical polymer. The constant D = 7.9 × 10-10 
cm2/s determined for a thin layer electrode was used for the hybrid electrodes because, in principle, the 
diffusion coefficient is independent of the location and geometry of the polymer. Thickness d was calculated 
from equation (2. 4) with fitting parameters B and D (Figure 2. 17). However, the VGCF composite did not 
exhibit the finite-length diffusion behavior in the measured time range (104 to 3 × 10-4 Hz). The semi-
infinite diffusion-like behavior in the observed spectrum suggested that d was larger than the diffusion 
length (Dt)0.5 = 16 m (for t = 1/(3 × 10-4)-1 s). To calculate the complementary parameters for each method, 
the approximate equation V = Ad was used for the polymer region. 
The impedance methods seemed to have overestimated or underestimated the spatial parameters slightly 
compared with the other methods. The larger (1420 cm2) and smaller (68 cm2) interface areas were obtained 
from the analyses of electrode resistance, Rf, and Warburg impedance, Zw, respectively with the loading 
capacity of 1.4 mAh/cm2 (Table 2. 1, entry 3 and 5). Uncertainty of heterogeneous charge transfer rate 
constant (i.e., k0 with SWNT should differ from that with glassy carbon) and wide distribution of the 
apparent polymer thickness in the electrode caused the estimation errors, respectively. Despite of the lower 
accuracy, the impedance methods the author developed are useful for analyzing polymer/carbon composite 
electrodes because the methods are easy and suitable for a variety of electrodes in contrast to 
chronoamperometry. To estimate the more precise interface area in Figure 2. 15, we tentatively assumed k0 
= 2.5 × 10-4 cm/s for the hybrid, which gave the same surface area as that calculated by SWNT weight in 
case of 1.4 mAh/cm2 (Table 2. 1, entry 1 and 4). 
 
 
Table 2. 1 Estimated parameters of the radical polymer composite with 5 wt % SWNT (1.4 
mAh/cm2). 
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Entry Method Interface area A (cm2) Apparent thickness d (m) Polymer volume V (L) 
1 Weight 260 0.55a 15b 
2 Chronoamperometry 280c 0.71c 20a 
3 Impedance (Rf) 1420d,e 0.10a 15b 
4 Impedance* (Rf) 260d,f 0.55a 15b 
5 Impedance (Zw) 68a 2.2d 15b 
aCalculated from equation V = Ad. bCalculated from the polymer loading weight in the hybrid. cEstimated by 
chronoamperometry. dEstimated by AC impedance measurements. ek0 = 4.5 × 10-5 cm/s. fk0 = 2.5 × 10-4 cm/s. 
The interface area quasi-proportionally increased with the capacity and reached over 400 cm2 at 3.3 
mAh/cm2 for 5 wt % SWNT, indicating current collection from radical polymers by the SWNT network. 
On the other hand, no increase in A was observed for 1 wt % SWNT and 5 wt % VGCF electrodes because 
of insufficient conductive percolating network. The apparent thickness, d, was 1 to 2 m and was 
independent of the loading capacity for SWNT hybrid electrodes (Figure 2. 15). The invariance of d 
supported the current collection model by the carbon network (i.e., thickness d was determined by only the 
ratio of total polymer volume and SWNT surface). The VGCF composite exhibited the thickness of > 16 
m, which was larger than the charge transportable distance, (Dt)0.5 ~ 6 m, by PTAm. Based on the 
obtained parameters, the author proposed the schematic models for the radical polymer/SWNT or VGCF 
hybrids (Figure 2. 2(b) and Figure 2. 20). The synergetic effect of a conductive network by SWNT and fast 
charge transport by PTAm enabled the ultrafast output. In contrast, the lower aspect ratio of VGCF meant 
that the formation of the conductive network was insufficient for charge/discharge reactions with 5 wt % 
additive. 
 
Figure 2. 20 Insufficient current collection model represented by the 5 wt % VGCF hybrid. 
 
As an alternative approach to the planar geometry as discussed above, the hybrid electrode can be 
approximated to be a hollow cylinder PTAm surrounding a SWNT bundle. Here, the charge diffusion was 
analyzed by a cylindrical coordinate system, where r is the distance from the longitudinal axis. The 
relationship among the spatial parameters can be expressed by equation (2. 9) considering the geometric 
conditions. We selected the length of the cylinder, l, as a fitting parameter.  
 𝑏 = √𝑉 (𝜋𝑙)⁄ + 𝑎2 (2. 9) 
(a: radius of the nanotube bundle (= 11.5 nm), b: radius of the polymer layer, l: length of the cylinder, and 
V: polymer volume (= 15 L)) 
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The observed current, I, is expressed by equation (2. 10).  
 
𝐼 = 𝑖𝐴 = 2𝜋𝑎𝑙𝑛𝐹𝐷
𝜕𝐶𝑅
𝜕𝑟
 (𝑟 = 𝑎) (2. 10) 
For chronoamperometry, the following expressions are available to describe CR(r,t).49,50 
[Boundary condition] 
 
𝑘1
𝜕𝐶R
𝜕𝑡
+ 𝑘2
𝜕𝐶R
𝜕𝑟
+ 𝑘3𝐶R = 𝑘4,    (𝑟 = 𝑎) (2. 11) 
 
𝑘1
′ 𝜕𝐶R
𝜕𝑡
+ 𝑘2
′ 𝜕𝐶R
𝜕𝑟
+ 𝑘3
′𝐶R = 𝑘4
′,    (𝑟 = 𝑏) 
(2. 12) 
For constant potential reduction with CR(r,0) =0, 
 𝑘2 = 0, 𝑘3 = 1,  𝑘4 = 𝐶
∗ 
𝑘1
′ = 𝑘3
′ = 𝑘4
′ = 0,  𝑘2
′ = 0 
(2. 13) 
[Solution] 
 
𝐶R(𝑟, 𝑡) =
𝑎𝑘4 {𝑘2
′ − 𝑏𝑘3
′𝑙𝑛 (
𝑟
𝑏)} − 𝑏𝑘4
′ {𝑘2 − 𝑎𝑘3𝑙𝑛 (
𝑟
𝑎)}
𝑎𝑘3𝑘2
′ − 𝑏𝑘2𝑘3
′ − 𝑎𝑏𝑘3𝑘3
′𝑙𝑛 (
𝑎
𝑏)
 
−𝜋 ∑ 𝑒𝑥𝑝(−𝐷𝛼m
2𝑡)𝐹(𝛼m)𝐶0(𝑟, 𝛼m)[𝑘4{𝐴m
′𝐽0(𝑏𝛼m) − 𝑘2
′𝛼m𝐽1(𝑏𝛼m)}
∞
𝑚=1
 
−𝑘4
′{𝐴m𝐽0(𝑎𝛼m) − 𝑘2𝛼m𝐽1(𝑎𝛼m)} 
(2. 14) 
where 
𝐽, 𝑌: Bessel functions of the first and second kind, respectively 
 𝐴m = 𝑘3 − 𝐷𝑘1𝛼m
2, 𝐴m
′ = 𝑘3
′ − 𝐷𝑘1
′𝛼m
2 
𝐵 = 𝑘2 + 2𝐷𝑘1 𝑎⁄ , 𝐵
′ = 𝑘2
′ + 2𝐷𝑘1
′/𝑏 
 
(2. 15) 
 𝐶0(𝑟, 𝛼m) = 𝐽0(𝑟𝛼m){𝐴m𝑌0(𝑎𝛼m) − 𝑘2𝛼m𝑌1(𝑎𝛼m)} 
−𝑌0(𝑟𝛼m){𝐴m𝐽0(𝑎𝛼m) − 𝑘2𝛼m𝐽1(𝑎𝛼m)} 
(2. 16) 
 
𝐹(𝛼m)
𝐴m
′𝐽0(𝑏𝛼m) − 𝑘2
′𝛼m𝐽1(𝑏𝛼m)
{𝐴m
′𝐽0(𝑏𝛼m) − 𝑘2
′𝛼m𝐽1(𝑏𝛼m)}2(𝐴n
2 + 𝑘2𝐵𝛼m2),
 
−{𝐴m𝐽0(𝑎𝛼m) − 𝑘2𝛼m𝐽1(𝑎𝛼m)}
2 (𝐴n
′2 + 𝑘2
′𝐵′𝛼m
2) 
(2. 17) 
𝛼ms are the positive roots of 
{(𝑘3 − 𝑘1𝐷𝛼
2)𝐽0(𝑎𝛼) − 𝑘2𝛼𝐽1(𝑎𝛼)}{(𝑘3
′ − 𝑘1
′𝐷𝛼2)𝑌0(𝑏𝛼) − 𝑘2
′𝛼𝑌1(𝑏𝛼)} (2. 18) 
−{(𝑘3
′ − 𝑘1
′𝐷𝛼2)𝐽0(𝑏𝛼) − 𝑘2
′𝛼𝐽1(𝑏𝛼)}{(𝑘3 − 𝑘1𝐷𝛼
2)𝑌0(𝑎𝛼) − 𝑘2𝛼𝑌1(𝑎𝛼)} = 0 
 
The fitting to the experimental curve yielded l = 2.9 x106 cm, A = 21 cm2, and 𝑑 = 𝑏 − 𝑎 = 0.40 m 
(Figure 2. 13). The mismatch in the reactive area, A, estimated by the two approximation models, cylindrical 
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and planar diffusion, was caused by the difference of diffusion geometry. Experimentally, the hybrid 
electrode should have behaved as the intermediate of the two extreme cases. On the other hand, a good 
agreement of the apparent diffusion distance, d = 0.4—0.7 m, was observed by the two methods, strongly 
supporting the thin layer assumption of PTAm (Figure 2. 8). 
 
In the case of chronopotentiometry (boundary condition: 𝑘1 = 𝑘1
′ = 𝑘3 =  𝑘3
′ = 0), another particular 
solution (2. 19) should be used.51 At the end of measurement (t = ), 𝐶R(𝑎, 𝜏) reaches C*. 
𝐶R(𝑟, 𝑡) = −
2𝑎𝑞𝑡
𝑏2 − 𝑎2
+ 𝜋 ∑
𝑞
𝛼m𝐷
𝐽1
2(𝛼m𝑏)
𝐽1
2(𝛼m𝑎) − 𝐽1
2(𝛼m𝑏)
∞
𝑚=1
 
∙ [𝐽0(𝛼m𝑟)𝑌1(𝛼m𝑎) − 𝑌0(𝛼m𝑟)𝐽1(𝛼m𝑎)] ∙ [1 − 𝑒𝑥𝑝(−𝐷𝛼m
2𝑡)] 
(2. 19) 
Where q is the flux at the current collector. 
 
−𝐷
𝜕𝐶R
𝜕𝑟
= 𝑞,    (𝑟 = 𝑎) (2. 20) 
 
The fitting with A = 17 cm2 and 𝑑 = 0.40 m provided almost the same trend as the planar diffusion, 
indicating that the practical charge transport length by PTAm in the hybrid was 10-1 m. 
To sum up, a series of analyses as shown above strongly suggested that the validity of the current 
collection model by the conductive SWNT network whilst the differences in the effective interface area, A, 
were observed. 
 
In addition to the excellent electrochemical characteristics, stress-strain testing showed that the hybrid 
was mechanically robust (Figure 2. 21). The electrode showed a maximum strain of 18%, compared with 
only 4% for a non-composite SWNT film. The elastic binder-like behavior of the polymer increased the 
mechanical strength of the carbon fibers. 
 
Figure 2. 21 Uniaxial tensile stress-strain curves for the 5 wt % SWNT hybrid and the pristine SWNT films 
with 2 mg/cm2 SWNT loading. 
 
2.4 Fabrication of Flexible, Thin, and Totally Organic-based Rechargeable Batteries 
To demonstrate the versatility of current collection network by SWNT, another polymer was examined 
as an anode-active material and fabricated organic batteries. The electron-acceptor quinone polymer, cross-
linked poly(anthraquinone-substituted ethyleneimine) (CL-PAQE), was synthesized and composited with 
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SWNT in the same way as for PTAm and measured as an electrode (Scheme 2. 1). The author’s group have 
preliminarily shown that anthraquinone-substituted polymers and those derivatives behaved as excellent 
anode-active materials.27,28 The simultaneous two-electron redox reactions of anthraquinone at a constant 
potential in aqueous electrolytes resulted in the high energy density and output of the electrodes.  
 
Scheme 2. 1 Preparation of CL-PAQE. 
 
The redox capacity of the polymer was estimated by measuring the amount of anthraquinone sites in the 
polymer by UV-Vis spectroscopy. The standard curve was prepared by plotting the maximum absorbance 
of anthraquinone (wavelength: 330 nm) versus the concentration of the compound (Figure 2. 22). CL-PAQE 
exhibited the characteristic anthraquinone absorbance peak at 330 nm, whereas the polyethyleneimine peak 
was negligible. The amount of anthraquinone sites in CL-PAQE solution was determined by using the 
standard line, and the theoretical capacity was calculated from the ratio of anthraquinone in the polymer 
(107 mAh/g).  
 
 
Figure 2. 22 UV-Vis spectra of (a) 0–130 mg/L anthraquinone (inset: standard curve) and (b) 88 mg/L CL-
PEAQ and 100 mg/L polyethyleneimine (PEI) dissolved in DMF. 
 
 CL-PAQE exhibited quantitative charging/discharging characteristics at a high rate of 10 C with a constant 
potential of ca. - 0.5 V vs. Ag/AgCl (Figure 2. 23). The specific discharge capacity of 83 mAh/g was near 
the theoretical value of 107 mAh/g, indicating the current collection from the polymer by SWNT. The 
specific parameters were not measured for the CL-PAQE electrodes. However, the results suggested that 5 
wt % SWNT was sufficient for the formation of the conductive percolating network and that the current 
collection model in Figure 2. 2(b) was valid for CL-PAQE and a wide range of redox active compounds. 
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Figure 2. 23 Charge/discharge curve for the CL-PAQE/SWNT = 95/5 (wt/wt) electrode (0.54 mAh/cm2). 
 
A rechargeable device consisting of PTAm/SWNT as a cathode and CL-PAQE/SWNT as an anode was 
fabricated on metal foil substrates. The device exhibited reversible charge/discharge characteristics at 1.1 
V, corresponding to the potential differences of the anode and cathode-active polymers (Figure 2. 24(a)).  
 
        (a)       (b) 
Figure 2. 24 (a) Charge/discharge curves for a beaker cell consisting of the PTAm/SWNT hybrid cathode 
and CL-PAQE/SWNT anode. Inset: Cycle dependence of charging capacity and Coulombic efficiency 
measured with a beaker cell at 5 C. (b) Photograph of a flexible battery. 
 
A nearly quantitative specific capacity of 80 mAh/g and an ideal coulomb efficiency of ~100% were 
obtained, even at a high rate of 10 C. The high cycle durability (>1000 cycles) was consistent with the ideal 
electrochemical responses of the electrodes. A metal foil-free, thin, bendable battery was fabricated. The 
high conductance and mechanical strength of the electrodes meant that the battery did not require metal foil 
substrates for charging/discharging (Figure 2. 24(b), Figure 2. 25). The total thickness of the battery was 
0.9 mm. The device operated even when it was bent because of the robust current collection network 
throughout the bulk electrodes. This should be the first report of a totally organic battery operating with an 
aqueous sodium chloride electrolyte, and its thin, flexible, human friendly design will contribute to high 
energy density, high-output rechargeable devices that are safe and wearable. 
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Figure 2. 25 Charge/discharge curves for an organic-based battery without existence of metal foils. 
PTAm/SWNT = 95/5 (wt/wt) and CL-PAQE/SWNT = 95/5 (wt/wt) were used as a cathode and an anode, 
respectively. 
 
Although the conductivity of VGCF is not as high as that of SWNT, the conductive agent also enabled 
the fabrication of a paper-like, totally organic-based rechargeable device (Figure 2. 26). 
 
 
Figure 2. 26 Configuration of the totally organic redox polymer-based rechargeable device 
 
First, the polymer electrodes were analyzed using a Pt coil as a counter electrode and a Ag/AgCl wire as 
a reference electrode. The PTAm and CL-PAQE electrodes were each approximately 100 m thick and 
were prepared by pasting a slurry of polymers and conductive additives (polymer / VGCF = 1/9 (wt/wt)) 
on PET sheets. A conductive carbon paste (Jujo Chemical Co., JELCON CH-8) was first formed on the 
substrates. The prepared electrodes remained intact even after repeated bending, likely due to the very high 
adhesivity of the polymers. The PTAm composite provided a specific capacity of 88 mAh/g while 
discharging at a rate of 10 C (Figure 2. 27(a)). The electrode remained durable after 300 charge/discharge 
cycles. The CL-PAQE composite electrode also exhibited a relatively high specific capacity of 84 mAh/g 
at a rate of 10 C, comparable to the theoretical capacity (Figure 2. 27(b)). The electrode maintained ca. 75% 
of their initial capacity even after 100 cycles, demonstrating their chemical robustness as electrode-active 
materials. 
A rechargeable device consisting of the polymer cathode and anode was fabricated (Figure 2. 27(c)). The 
cell charged and discharged at 1.1 V repeatedly. A specific cathode capacity of 84 mAh/g was obtained at 
a rate of 10 C. The cell remained durable even after 100 charge/discharge cycles, and even in the bent state, 
the device generated enough power to operate a motor, as demonstrated in Figure 2. 27(d). 
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      (a)   (b) 
 
     (c)         (d) 
Figure 2. 27 (a) Charge/discharge curves for the PTAm composite electrode (for the 1st, 10th, 100th, and 
300th cycles). (b)  Charge/discharge curves for the CL-PAQE electrode (for the 1st, 10th, 50th, and 100th 
cycles). (c, d) Characteristics and photograph of the totally organic-based rechargeable device. 
Measurements were conducted at a rate of 10 C. 
 
2.5 Poly(TEMPO-substituted glycidyl ether) / Carbon Nanotube Hybrid for Li-ion 
Battery Cathodes 
In order to further improve the performance of the radical polymer batteries in li-ion containing, organic 
electrolytes, a series of TEMPO-substituted polymers have been investigated by changing the polymer 
backbones from the most conventional polymethacrylates to vinyl polymers, polyacrylamides and 
polynorbornenes.26,30,52,53 Among them, a polymer containing a polyether backbone, poly(1-oxy-2,2,6,6-
tetramethylpiperidin-4-yl glycidyl ether) (PTGE), has been revealed to be one of the most promising 
TEMPO-substituted polymers since PTGE has a flexible and ionophoric poly(ethylene oxide) (PEO) 
backbone to allow the propagation of charges deeply into the polymer layer from the polymer/electrode 
interface.54,55 PTGE was typically synthesized via anionic ring-opening polymerizations of the 
corresponding glycidyl monomers using potassium tert-butoxide (t-BuOK) or diethylzinc (Et2Zn)/H2O as 
the initiators. However, the polymerization of the TEMPO-substituted ethylene oxide still had synthetic 
problems: (i) deactivation of the radical moieties during the polymerization, (ii) limited molecular weight 
of the product, and (iii) low monomer conversion. The polymerization using t-BuOK also resulted in the 
significant decrease in the radical concentration and in low molecular weights at the relatively high 
temperatures near 60 oC which was required to activate the potassium alkoxides at the polymer chain ends. 
The undesired elevated temperatures and strongly basic conditions required for t-BuOK was suspected to 
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trigger the deactivation of the radical moieties which concurrently decreased the reactivity of the active 
ends leading to low molecular weights and low conversions. Additionally, non-cross-linked and low 
molecular-weight polymers lacked the durability and even eluted into the electrolyte solutions when utilized 
as electrode-active materials. 
 
In this section, the author reports the synthesis of PTGE using t-BuOK/18-crown-6 in high conversion 
suppressing deactivation of the radical moieties, and the electrochemical performance of PTGE as the 
cathode-active material in a battery. 18-Crown-6 has been used to increase the reactivity of alkoxides by 
accommodating a potassium cation in the anionic ring-opening polymerization.56–60 A combination of t-
BuOK and 18-crown-6 allowed the polymerization to proceed to completion even at moderate temperatures 
near 40 oC which suppressed the deactivation of the radical moieties. The cross-linked PTGE was 
synthesized by the copolymerization of the glycidyl monomer and a bifunctional cross-linker in high yield 
(> 90%). The electrochemical properties of the polymer/carbon composite electrodes demonstrated that the 
cross-linked structure significantly improved the durability of the PTGE electrodes in the radical polymer 
batteries by virtue of the swelling and yet insoluble properties in electrolyte solutions. The fast charge 
propagation in the polymer layer and the excellent adhesiveness of PTGE also contributed to the significant 
reduction of the composition of VGCF from 80 to 10 wt% while maintaining the quantitative redox capacity. 
 
The TEMPO-substituted polyether PTGE was synthesized by the anionic ring-opening polymerization 
of the monomer TGE using t-BuOK/18-crown-6 as the initiator (Scheme 2. 2, Table 2. 2). The addition of 
18-crown-6 dramatically increased the monomer conversion from 16 to 99 % at the moderate temperature 
of 40 oC. The significant increase in the conversion despite the lower temperature clearly exhibited the 
effect of 18-crown-6 to activate the alkoxide by the accommodation of the potassium cations.  
 
Scheme 2. 2 Polymerization of TGE. 
 
Table 2. 2 Anionic ring-opening polymerization of TGE. 
 
 
SEC traces suggested that 18-crown-6 effected to increase the monomer conversion up to 99 % at 40 oC 
Theoretical Observed
1 0 16 5.0 1.9 1.2
2 3 99 5.0 3.8 1.5
3 3 99 7.5 5.5 1.5
Entry [18-crown-6]/[t -BuOK]
M n /10
3
M w/M nConversion /%
O
O
N
O
O
n
N
O
O
TGE PTGE
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40 oC
t-BuOK / 18-crown-6
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(Figure 2. 28). The observed radical concentration of the polymer was 100 % (entry 2, determined by a 
SQUID measurement), which showed that the radical moieties survived owing to the selective reaction of 
the alkoxide anion to the epoxy ring. 
 
Figure 2. 28 SEC traces of the synthesis of PTGE (dotted line: entry 1, solid line: entry 2 in Table 2. 2). 
 
The result revealed that the polymerization temperature of 40 oC was low enough to suppress the 
undesired side reactions of the radical moieties while maintaining the reactivity of the propagating end. 1H 
NMR spectra of the polymer also suggested the suppression of side reactions during the polymerization 
(Figure 2. 29). 
 
 
Figure 2. 29 1H NMR spectra of PTGE. The polymer was reduced by excess amount of phenylhydrazine to 
quench the radical moieties before the measurement. 
 
The cross-linked PTGE was also successfully synthesized by the copolymerization of TGE and the 
bifunctional cross-linker 1,4-butanediol diglycidyl ether in high yield (90 %) (Scheme 2. 3). The redox 
capacity equivalent to the radical density of the polymer determined by SQUID was 76 mAh/g, which was 
12 13 14 15 16 17 18
Elution time (minutes)
t-BuOK
t-BuOK/18-crown-6
PTGE Monomer
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slightly lower than the theoretical value of 96 mAh/g calculated from the monomer feed composition of 
[TGE]/[Cross-linker]. This difference was most likely attributed to the interpretation that TGE was not 
completely consumed in the polymerization, and that a small portion of 18-crown-6 remained in the 
polymer network even after the purification. 
 
Scheme 2. 3 Synthesis of cross-linked PTGE. 
 
The electrochemical properties of PTGE were determined by cyclic voltammetry and 
chronopotentiometry for the PTGE/VGCF electrodes in a three-electrode cell. Cyclic voltammograms of 
the PTGE/VGCF composite electrode displayed reversible redox waves near 0.7 V (vs. Ag/AgCl) for both 
liner and cross-linked polymers (Figure 2. 30). 
 
        (a)     (b) 
Figure 2. 30 Cyclic voltammograms of PTGE/VGCF/PVdF = 1/8/1 (w/w/w) composite electrodes in 
acetonitrile with 0.1 M (C4H9)4NClO4. Scan rate of 5 mV/s. (a) Non-cross-linked PTGE (entry 2), (b) cross-
linked PTGE. 
 
The remarkable attenuation of the redox peaks was observed with the linear PTGE while the cross-linked 
polymer was completely durable after 10 cycles. This difference in the charging/discharging cyclability 
strongly suggested that the crosslinking was significant to prevent PTGE from eluting into the electrolyte 
solution and to enhance the durability especially in the case of the polymer with a moderate molecular 
weight. Linear PTGE even began to elute soon after the electrode was dipped into the electrolyte solution. 
The cross-linked PTGE exhibited the fast charging/discharging performance as well as the excellent 
durability (Figure 2. 31).  
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       (a)          (b) 
Figure 2. 31 (a) Charging/discharging curves and (b) cycle performance for the cross-linked 
PTGE/VGCF/PVdF = 1/8/1 (w/w/w) composite electrode at a rate of 60 C. 
 
The plateau potential region was obtained at the redox potential near 0.7 V in the galvanostatic 
charging/discharging curve. An almost equivalent charge capacity of 74 mAh/g (97 %) with respect to the 
formula weight-based theoretical capacity for the composite electrode was obtained even at a large current 
density (60 C), and was stable after 1000 charging/discharging cycles. The excellent performances of PTGE 
as the organic cathode-active material were most likely to be ascribed to its flexible and ionophoric 
properties of poly(ethylene oxide) (PEO) backbone and high compatibility with the electrolyte solution. 
The PTGE/VGCF composite electrode with a higher polymer composition of 90 wt% was examined to 
raise the overall energy density of the battery. The intrinsic adhesiveness of PTGE allowed the successful 
and durable formation of the interface between the polymer, carbon and the ITO substrate even without 
using the binder (PVdF). The electrode exhibited 78 % (59 mAh/g) of the theoretical charging capacity at 
the rate of 10 C (Figure 2. 32). The adhesiveness and fast charge propagation of the PTGE layer contributed 
to the quantitative charging/discharging properties. The hybrid with SWNT gave higher specific capacity. 
Here, SWNT was obtained from Sigma-Aldrich (carbon > 90%, diameter: 1.01 nm, mean diameter: 0.7-1.4 
nm) due to its high dispersity. The SEM image of the electrode with PTGE/VGCF = 9/1 (w/w) suggested 
that the microscopic heterogeneity in the electrode caused the insufficient current collection from PTGE 
whilst the better composition was obtained with SWNT (Figure 2. 33). 
 
Figure 2. 32 Charging/discharging curves for the cross-linked PTGE/carbon = 9/1 (w/w) hybrid at a rate of 
10 C. 
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   (a)    (b) 
Figure 2. 33 SEM images of cross-linked PTGE/carbon = 9/1 (w/w) electrodes with (a) VGCF and (b) 
SWNT. 
 
A prototype secondary battery with a lithium anode was fabricated using the polymer/SWNT hybrid 
cathode (Figure 2. 34). The remarkable rate performances (> 10 C) as well as durability over 300 cycles 
indicated the potential of a Li-ion electrolyte-based, radical polymer batteries with ultra-high output. 
 
       (a)    (b) 
Figure 2. 34 Characteristics of a coin cell consisting of cross-linked PTGE/SWNT = 9/1 as a cathode, 
lithium as an anode, and 1 M LiPF6 ethylene carbonate/diethyl carbonate = 1/1 (v/v) as an electrolyte. (a) 
rate performances. (b) cycle performances at 30 C. 
 
2.6 Experimental Section 
2.6.1 Materials and procedures for section 2.2—2.4 
Materials. 4-Amino 2,2,6,6-tetramethylpiperidine-1-oxyl was purchased from Tokyo Chemical Industry 
Co., Ltd. Sodium chloride, benzene, dimethylformamide, N-methyl-2-pyrrolidone (NMP), and diethyl ether 
were obtained from Kanto Chemical Co. Poly(ethyleneimine) (branched, Mn = 104), 1,4-butanediol 
diglycidyl ether, and poly(acrylic acid) (Mw = 2.5 × 105) were purchased from Sigma-Aldrich Co. 4-(4,6-
Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride n-hydrate (DMT-MM) was obtained from 
Wako Pure Chemical Industries, Ltd. All chemicals were used as received. VGCF (specific surface area: 13 
m2/g, aspect ratio: 60) was obtained from Showa Denko Co. SWNT (specific surface area: 300–400 m2/g, 
aspect ratio: 2000–3000) were purchased from Meijo Nano Carbon Co. Titanium and sstainless-steelfoils 
were obtained from the Nilaco Corporation.  
 
Synthesis of PTAm. Poly(acrylic acid) (1.4 g, 20 mmol with respect to the monomer unit) and 4-amino 
TEMPO (5.1 g, 30 mmol) were dissolved in DMF (160 mL) followed by the addition of DMT-MM (8.7 g, 
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30 mmol) at 0 °C. After reacting the mixture at room temperature for 3 days, the solution was poured 
dropwise into an excess of diethyl ether and mixed vigorously. The product was filtered off, and the 
precipitation purification was repeated several times. A pink powder was obtained after washing with water 
and drying under vacuum overnight at room temperature (3.2 g, 100% yield). The magnetic susceptibility 
was measured at 0.5 T from 10.0 to 280 K. FT-IR measurements indicated that the carboxyl group (C=O, 
carboxyl: 1731 cm-1) of PAA was partially converted to an amide group (C=O, amide: 1650 cm-1) after the 
reaction. 1H NMR (500 MHz, DMF-d7):  4.2–4.0 Br, piperidine CH), 2.4–2.3 (Br, main chain CH), 1.9–
1.7 (Br, piperidine CH2), 1.6 (Br, CH2 in main chain), 1.5–1.0 (Br, CH3), 0.9–0.8 (Br, piperidine CH2). 
 
Preparation of CL-PAQE. The precursor, 2-bromomethyl-anthraquinone, was synthesized according to a 
previous procedure.61 All reactions were conducted under a nitrogen atmosphere. First, non-crosslinked 
PAQE was synthesized. Poly(ethyleneimine) (200 mg, 4.6 mmol with respect to the monomer unit) was 
dissolved in DMF (10 mL) under stirring at 100 °C for 1 h. 2-Bromomethyl-anthraquinone (663 mg, 2.07 
mmol) was added, and the solution was stirred at 100 °C for 5 h. The reaction mixture was added dropwise 
to diethyl ether (400 mL), and the precipitate was collected by filtration. The product was dissolved in DMF 
(10 mL) and reprecipitated in acetone. The brown solid was obtained after drying the product under vacuum 
overnight at room temperature (720 mg, 88% yield). 1H NMR (500 MHz, DMSO-d6):  8.5–7.2 (Br, 
aromatic rings), 4.0–2.5 (Br, CH2-anthraquinone and poly(ethyleneimine)) ppm. 
For the crosslinking reaction, PAQE (223 mg, 2.51 mmol with respect to the polyethyleneimine unit) and 
1,4-butanediol diglycidyl ether (138 L, 0.753 mmol) was added to DMF (10 mL). The reaction was stirred 
at 50 °C for 8 h, and then the product was precipitated in diethyl ether and vacuum dried at room temperature 
overnight (101 mg, 26% yield). The FT-IR spectrum indicated the introduction of the ether group to PAQE 
(C-O, 1093 cm-1). 
 
Preparation of electrodes. Thin layer electrodes were prepared by drop casting 1–10 mg/mL solutions of 
the polymers in NMP on glassy carbon substrates and heating at 120 °C. Carbon composite electrodes were 
formed by pasting a slurry consisting of the polymer, conductive carbon, and NMP onto titanium and 
stainless-steel foils for the cathodes and anodes, respectively. Electrodes were dried at 120 °C. The 
thickness of the hybrid electrodes was 100–300 m. The area of the electrodes for the three-electrode 
measurements was 0.25 cm2. Current was normalized by 1 cm2 in Figure 2. 8. For the bendable battery, the 
composite electrodes were formed on conductive SWNT sheets with a thickness of 50 m. The separator 
(#3501, Celgard) and electrodes were preliminarily soaked in aqueous 3 M NaCl. After sandwiching the 
cathode, separator, and anode, the battery was sealed with a polyethylene seal. The capacity of the battery 
was 1.1 mAh/cm2, and the total thickness was 0.9 mm. 
 
Electrochemical measurements. Electrodes were measured in a conventional electrochemical cell with a 
three-electrode system using an electrochemical analyzer (660B, ALS). A coiled platinum wire counter 
electrode and an Ag/AgCl reference electrode were used. The electrolyte for the electrochemical 
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measurements was aqueous 3 M NaCl. The electrolyte solution was degassed with N2 before measuring the 
CL-PAQE electrodes. An AC impedance measurement system (IM6/ZENNIUM, Zahner) with an 
amplitude of 10 mV was used. The experimental data was fitted by the least-squares method. The density 
of the polymers was assumed to be 1.0 g/cm3 for calculation. It was assumed that PTAm has the 
electrochemical potential of 3.6 V vs. Li/Li+ by TEMPO as redox sites.32 
 
Other measurements. A SQUID vibrating sample magnetometer (MPMS, Quantum Design) was used for 
the magnetic susceptibility measurements. The thicknesses of the polymer layers were measured by a 
contact stylus profiler (KLA p-6, Tencor). UV-Vis measurements were performed on a UV-Vis spectrometer 
(V-670, Jasco), and the IR measurements were performed on an IR spectrometer (FT-IR 410, Jasco). The 
materials were also analyzed with a scanning electron microscope (S-4500S, Hitachi) and transmission 
electron microscope (HF-2200, Hitachi). The average diameter of the SWNT bundles was estimated to be 
23 nm by the SEM measurements without the polymers. The diameter was 11.6 times larger than that of 
the nanotubes without the formation of bundles (2 nm). It was assumed that the specific surface of SWNT 
decreased from 400 to 34 (= 400/11.6) m2/g. Stress-strain testing was conducted using a conventional tensile 
testing machine (AG-IS 100kN, Shimadzu). The films were soaked in water before the measurements. 
 
Numerical simulation of cyclic voltammogram. A cyclic voltammogram simulator was programmed in 
C++ using the algorithm for a one-dimensional electrochemical system.62 The Crank–Nicolson method63 
was used to solve the equation numerically, and the effects of the electric double layer and ohmic resistance 
were ignored. A finite-length reflective boundary was used instead of applying semi-infinite diffusion. The 
following constants were determined or approximated as in the later discussion: scan rate v = 1 mV/s, 
diffusion coefficient D = 7.9 × 10-10 cm2/s, E1/2 = 0.66 V vs. Ag/AgCl, k0 = 4.46 × 10-5 cm/s,  = 0.5, T = 
298 K, and n = 1. The electrode thickness d was set to 0.55 m, corresponding to the apparent thickness of 
PTAm in the hybrid, that is, (polymer volume) / (SWNT surface area). 
 
 
2.6.2 Materials and procedures for section 2.5 
General procedure of anionic ring-opening polymerization of the TGE monomer. The glycidyl 
monomer 1-oxy-2,2,6,6-tetramethylpiperidin-4-yl glycidyl ether (TGE) was prepared according to the 
literature.64 To a solution of TGE (300 mg, 1.31 mmol) and 18-crown-6 (48 mg, 0.18 mmol) in diethylene 
glycol dimethyl ether (diglyme, 0.2 mL) was added 1 M t-BuOK solution in tetrahydrofuran (61 L, 0.061 
mmol) under argon atmosphere to initiate the polymerization. The mixture was stirred at 40 oC for 20 h. 
The resulting viscous mixture was dissolved in chloroform and slowly poured into hexane. The precipitate 
was collected by centrifugation and dried under vacuum at room temperature to yield PTGE as a red viscous 
solid (85 % yield). Analytical results of the obtained PTGE were essentially identical to those in the 
previous report.65 
1H NMR (500 MHz, CDCl3): δ 4.03-3.09 (Br, Glycidyl group and CH in pyperidine), 1.93 (Br, CH2, 2H), 
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1.48 (Br, CH2, 2H), 1.23 (s, (CH3)2, 6H), 1.16 (s, (CH3)2, 6H) ppm.  
 
Synthesis of cross-linked PTGE. To a solution of TGE (650 mg, 2.8 mmol) and 18-crown-6 (300 mg, 0.57 
mmol) was added 1,4-butanediol diglycidyl ether (52 L, 0.28 mmol) and 1 M t-BuOK solution in 
tetrahydrofuran (285 L, 0.285 mmol) under an argon atmosphere. The mixture was stirred at 40 oC for 8 
h, and the resulting red rubbery solid was purified by removing the soluble parts in chloroform (90 % yield). 
76 mAh/g of the redox capacity was determined by SQUID-VSM. 
 
Electrode preparation and electrochemical measurement. To prepare the composite electrode with a 
composition of PTGE/VGCF/PVdF = 1/8/1 (w/w/w), PTGE (10 mg) was mixed with VGCF (80 mg) and 
PVdF (10 mg) in N-methylpyrrolidone. The mixture was pasted on a tin-doped indium oxide (ITO) 
electrode. A PTGE/VGCF = 9/1 (w/w) electrode was prepared by dispersing PTGE (9 mg) and VGCF (1 
mg) in chloroform (2 mL) using a probe type sonicator (BRANSON 250AA), and the mixture was 
repeatedly drop-casted on the ITO electrode. The electrodes were dried under vacuum at room temperature 
for 24 h.  
The electrochemical characteristics of the electrodes were measured using a conventional cell, and ALS 
660B electrochemical analyzer was employed for electrochemical measurements. The electrolyte solutions 
consisted of 0.1 M tetrabutylammonium perchlorate in acetonitrile. A platinum disk and a coiled platinum 
wire were used as the working and counter electrodes, respectively. The reference electrode was a 
commercial Ag/AgCl. The formal potential of ferrocene/ferrocenium redox couple was 0.45 V versus the 
reference electrode.  
 
References 
(1)  Goodenough, J. B.; Park, K. J. Am. Chem. Soc. 2013, 135, 1167. 
(2)  Larcher, D.; Tarascon, J.-M. Nat. Chem. 2015, 7, 19. 
(3)  Ogumi, Z.; Kostecki, R.; Guyomard, D.; Inaba, M. Interface Mag. 2016, 25, 65. 
(4)  Nakayama, M.; Taki, H.; Nakamura, T.; Tokuda, S.; Jalem, R.; Kasuga, T. J. Phys. Chem. C 2014, 
118, 27245. 
(5)  Yamada, I.; Abe, T.; Iriyama, Y.; Ogumi, Z. Electrochem. commun. 2003, 5, 502. 
(6)  Zhang, H.; Yu, X.; Braun, P. V. Nat. Nanotechnol. 2011, 6, 277. 
(7)  Lin, M.-C.; Gong, M.; Lu, B.; Wu, Y.; Wang, D.-Y.; Guan, M.; Angell, M.; Chen, C.; Yang, J.; 
Hwang, B.-J.; Dai, H. Nature 2015, 520, 324. 
(8)  Zhou, Y.; Rui, X.; Sun, W.; Xu, Z.; Zhou, Y.; Ng, W. J.; Yan, Q.; Fong, E. ACS Nano 2015, 9, 4628. 
(9)  Kang, B.; Ceder, G. Nature 2009, 458, 190. 
(10)  Blake, A. J.; Kohlmeyer, R. R.; Drummy, L. F.; Gutiérrez-Kolar, J. S.; Carpena-Núñez, J.; Maruyama, 
B.; Shahbazian-Yassar, R.; Huang, H.; Durstock, M. F. ACS Appl. Mater. Interfaces 2016, 8, 5196. 
(11)  Zhou, X.; Wang, F.; Zhu, Y.; Liu, Z. J. Mater. Chem. 2011, 21, 3353. 
(12)  Dai, L.; Chang, D. W.; Baek, J.-B.; Lu, W. Small 2012, 8, 1130. 
Chapter 2 
64 
 
(13)  Song, Z.; Xu, T.; Gordin, M. L.; Jiang, Y. B.; Bae, I. T.; Xiao, Q.; Zhan, H.; Liu, J.; Wang, D. Nano 
Lett. 2012, 12, 2205. 
(14)  Li, N. N.; Chen, Z.; Ren, W.; Li, F.; Cheng, H.-M. H.-M. Proc. Natl. Acad. Sci. 2012, 109, 17360. 
(15)  Koshika, K.; Sano, N.; Oyaizu, K.; Nishide, H. Chem. Commun. 2009, 836. 
(16)  Wang, G. P.; Zhang, L.; Zhang, J. J. Chem. Soc. Rev. 2012, 41, 797. 
(17)  Yu, Z.; Tetard, L.; Zhai, L.; Thomas, J. Energy Environ. Sci. 2015, 8, 702. 
(18)  Yu, D. Y. W.; Donoue, K.; Inoue, T.; Fujimoto, M.; Fujitani, S. J. Electrochem. Soc. 2006, 153, A835. 
(19)  Ning, G.; Haran, B.; Popov, B. N. J. Power Sources 2003, 117, 160. 
(20)  Zhu, Z.; Hong, M.; Guo, D.; Shi, J.; Tao, Z.; Chen, J. J. Am. Chem. Soc. 2014, 136, 16461. 
(21)  Nakahara, K.; Iriyama, J.; Iwasa, S.; Suguro, M.; Satoh, M.; Cairns, E. J. J. Power Sources 2007, 165, 
398. 
(22)  Suguro, M.; Iwasa, S.; Nakahara, K. Macromol. Rapid Commun. 2008, 29, 1635. 
(23)  Yoshihara, S.; Isozumi, H.; Kasai, M.; Yonehara, H.; Ando, Y.; Oyaizu, K.; Nishide, H. J. Phys. Chem. 
B 2010, 114, 8335. 
(24)  Vlad, A.; Singh, N.; Melinte, S.; Gohy, J.-F.; Ajayan, P. M. Sci. Rep. 2016, 6, 22194. 
(25)  Nishide, H.; Oyaizu, K. Science 2008, 319, 737. 
(26)  Oyaizu, K.; Ando, Y.; Konishi, H.; Nishide, H. J. Am. Chem. Soc. 2008, 130, 14459. 
(27)  Choi, W.; Harada, D.; Oyaizu, K.; Nishide, H. J. Am. Chem. Soc. 2011, 133, 19839. 
(28)  Armand, M.; Grugeon, S.; Vezin, H.; Laruelle, S.; Ribière, P.; Poizot, P.; Tarascon, J.-M. Nat. Mater. 
2009, 8, 120. 
(29)  Sano, N.; Tomita, W.; Hara, S.; Min, C. M.; Lee, J. S.; Oyaizu, K.; Nishide, H. ACS Appl. Mater. 
Interfaces 2013, 5, 1355. 
(30)  Koshika, K.; Chikushi, N.; Sano, N.; Oyaizu, K.; Nishide, H. Green Chem. 2010, 12, 1573. 
(31)  Choi, W.; Ohtani, S.; Oyaizu, K.; Nishide, H.; Geckeler, K. E. Adv. Mater. 2011, 23, 4440. 
(32)  Nakahara, K.; Oyaizu, K.; Nishide, H. Chem. Lett. 2011, 40, 222. 
(33)  Sukegawa, T.; Sato, K.; Oyaizu, K.; Nishide, H. RSC Adv. 2015, 5, 15448. 
(34)  Mike, J. F.; Lutkenhaus, J. L. ACS Macro Lett. 2013, 2, 839. 
(35)  Shi, L.; Rohringer, P.; Ayala, P.; Saito, T.; Pichler, T. Phys. status solidi 2013, 250, 2611. 
(36)  Mukai, K.; Asaka, K.; Wu, X.; Morimoto, T.; Okazaki, T.; Saito, T.; Yumura, M. Appl. Phys. Express 
2016, 9. 
(37)  Saito, T. AIST TODAY 2014, 14, 2014. 
(38)  Tokue, H.; Kakitani, K.; Nishide, H.; Oyaizu, K. RSC Adv. 2016, 6, 99195. 
(39)  Evgenij, B.; J. Ross, M. Impedance Spectroscopy Theory, Experiment, and Application, 2nd Edition; 
Wiley: New Jersey, 2005. 
(40)  Lindholm, B.; Sharp, M.; Armstrong, R. D. J. Electroanal. Chem. Interfacial Electrochem. 1987, 235, 
169. 
(41)  Hunter, T. B. J. Electrochem. Soc. 1987, 134, 2198. 
(42)  Kobayashi, S.; Uchimoto, Y. J. Phys. Chem. B 2005, 109, 13322. 
 Charge Transport Kinetics in Radical Polymer / Nanocarbon Networks 
 and their Application to Organic Secondary Batteries 
65 
 
(43)  Nakayama, M.; Ikuta, H.; Uchimoto, Y.; Wakihara, M. J. Phys. Chem. B 2003, 107, 10603. 
(44)  Daum, P.; Lenhard, J. R.; Rolison, D.; Murray, R. W. J. Am. Chem. Soc. 1980, 102, 4649. 
(45)  Ramadass, P.; Haran, B.; White, R.; Popov, B. N. J. Power Sources 2002, 112, 614. 
(46)  Nyström, G.; Razaq, A.; Strømme, M.; Nyholm, L.; Mihranyan, A. Nano Lett. 2009, 9, 3635. 
(47)  Zhao, X.; Sánchez, B. M.; Dobson, P. J.; Grant, P. S. Nanoscale 2011, 3, 839. 
(48)  Bauhofer, W.; Kovacs, J. Z. Compos. Sci. Technol. 2009, 69, 1486. 
(49)  Carslaw, H. S.; Jaeger, J. C. Conduction of Heat in Solids; Oxford University Press: London, 1959. 
(50)  Crank, J. The mathematics of diffusion; Oxford University Press: London, 1975. 
(51)  Luikov, A. V. Analytical heat diffusion theory; Academic press, Inc.: New York, 1968. 
(52)  Nishide, H.; Iwasa, S.; Pu, Y.-J. J.; Suga, T.; Nakahara, K.; Satoh, M. Electrochim. Acta 2004, 50, 827. 
(53)  Suguro, M.; Iwasa, S.; Kusachi, Y.; Morioka, Y.; Nakahara, K. Macromol. Rapid Commun. 2007, 28, 
1929. 
(54)  Suga, T.; Ohshiro, H.; Sugita, S.; Oyaizu, K.; Nishide, H. Adv. Mater. 2009, 21, 1627. 
(55)  Oyaizu, K.; Kawamoto, T.; Suga, T.; Nishide, H. Macromolecules 2010, 43, 10382. 
(56)  Ding, J.; Heatley, F.; Price, C.; Booth, C. Eur. Polym. J. 1991, 27, 895. 
(57)  Buika, G.; Graẑulevičius, J. V. Eur. Polym. J. 1993, 29, 1489. 
(58)  Quirk, R. P.; Lizarraga, G. M. Macromol. Chem. Phys. 2000, 201, 1395. 
(59)  Jia, Z.; Fu, Q.; Huang, J. Macromolecules 2006, 39, 5190. 
(60)  Stolarzewicz, A.; Morejko-Buż, B.; Grobelny, Z.; Pisarski, W.; Frey, H. Polymer 2004, 45, 7047. 
(61)  Hou, Y.; Wan, P. Photochem. Photobiol. Sci. 2008, 7, 588. 
(62)  Brown, J. H. J. Chem. Educ. 2015, 92, 1490. 
(63)  Crank, J.; Nicolson, P. Proc. Camb. Phil. Soc. 1947, 43, 50. 
(64)  Endo, T.; Takuma, K.; Takata, T.; Hirose, C. Macromolecules 1993, 26, 3227. 
(65)  Oyaizu, K.; Suga, T.; Yoshimura, K.; Nishide, H. Macromolecules 2008, 41, 6646. 
 
Figures, tables, and texts are partially adapted with permission from (1) K. Sato, T. Sukegawa, K. Oyaizu, 
H. Nishide, Macromol. Symp. 2015, 351, 90: copyright WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim (2015), (2) K. Sato, R. Katagiri, N. Chikushi, S. Lee, K. Oyaizu, J. Lee, H. Nishide, 
Chem. Lett. 2017, 46, 693. 2017: copyright The Chemical Society of Japan. 
  
Chapter 2 
66 
 
  
 Diffusion-cooperative Model for Charge Mediation 
by Redox-active, Non-conjugated Polymers 
 
67 
 
 
 
 
 
 
Chapter 3: Diffusion-cooperative Model for Charge Mediation 
by Redox-active, Non-conjugated Polymers 
 
3.1 Introduction 
3.2 Frozen-molecule Model for Redox Mediation 
3.3 Diffusion Cooperated Model of Redox-active Sites Bound to Polymer Backbones 
3.4 Supramolecular Approach to Achieve Higher Charge Flux and Energy Density 
3.5 Experimental Section 
References 
 
 
  
Chapter 3 
 
68 
 
3.1 Introduction 
For half a century, charge transport by macromolecules has attracted substantial attention from both a 
fundamental understanding and application to batteries,1,2 solar cells,3,4 light-emitting devices,5 hydrogen 
carriers,6 and other energy related devices7–9 as the promising alternative to inorganic materials.  For 
conjugated polymers and some of non-conjugates, band theory and hopping models have been developed 
to successfully explain the origin of drift current.10–14 When electrolytes co-exist, the non-conjugated 
polymers and supramolecules, which are characterized by localized electrons of redox centers, typically 
provide the so-called “diffusive hopping” conduction (Figure 3. 1 and Figure 3. 2(a)).15–19 
 
Figure 3. 1 Typical structures as the redox-active centers in the non-conjugated polymers and 
supramolecules. 
 
       (a)      (b) 
Figure 3. 2 (a) Scheme for electron self-exchange reaction (kex,app) and heterogeneous charge transfer (k0) 
in a non-conjugated redox-active polymer. (b) Relationship between kex,app and the concentration of redox 
sites, CE for a series of redox-active polymers listed in Table 3. 2. 
 
Although the conductivity of the non-conjugated polymers remains behind compared to those of the 
conjugated ones, the non-conjugated design enables the outstanding electrode characteristics. High doping 
rate (~100%), improved the chemical stability of doped states (> 101—2 days19,20), constant potential 
operation, and selected solubility in solvent are the representative advantages, which are critically important 
for the practical electrochemical devices.1,21 
Despite the great attention for the non-conjugated redox-active polymers, the charge transport process 
has not been revealed enough. The most important unexplained problem must be that the observed 
bimolecular electron self-exchange reaction rate constant, kex,app (typically ~ 10-5 M-1s-1), and the standard 
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reaction rate constant, k0 ~ 10-5 cm/s, of the immobilized redox sites are 103—4 times smaller than those of 
the dissolved monomeric species (typically kex,app = 108 M-1s-1 and k0 = 10-1 cm/s, Table 3. 1, Table 3. 2, and 
Figure 3. 3). The decreases are universally observed regardless of the types of redox sites, polymer chain, 
and electrolytes.  
 
Table 3. 1 Typically reported homogeneous (kex,app [M-1s-1]) and heterogeneous (k0 [cm/s]) rate constants 
for the dissolved, low molecular weight redox-active species listed in Figure 3. 1 
Compound log kex,app log k0 Ref 
1 8 -1 22,23 
2 10 - 24 
3 - -1 25 
4 - -2 26 
5 8 0 27,28 
6 9 0 29–31 
7 9 -2 32 
8 8 - 33 
9 - - - 
10 - - - 
11 7 0 34,35 
12 7 -1 36 
13 5 -3 37,38 
14 - - - 
 
Table 3. 2 Typically reported apparent homogeneous (kex,app [M-1s-1]) and heterogeneous (k0 
[cm/s]) charge transfer rate constants in non-conjugated redox-active polymers. 
Entr
y 
Redo
x unit 
Comp
ound 
log kex,appa) log k0 log Dphys CE 
(mol/L
) 
Swelling 
ratio 
(v/v)e) 
R
ef Exp Calcb) Expc) Calcb) DLSd) Calcd) 
1 1 P1a 4.25 5.12 -5.56 -6.20 -9.85 -9.97 3.12 1.1 f) 
1’ 1 P1a 6.11 5.26 - -5.27 - -8.92 0.76 5.4 39 
2 1 P1b 6.16 5.27 -4.87 -6.06 -9.71 -9.49 1.6 2.5 f) 
3 1 P1c 5.09 5.40 -5.06 -5.92 -9.57 -8.98 0.82 6.1 f) 
4 1 P1d 3.36 4.43 -4.55 -6.89 -10.5 -10.1 3.6 1.0 f) 
5 g) 1 P1e 6.45 7.70 -3.35 -3.54 -7.19 -8.39 0.37 - 2 
6 1 P1f 5.15 4.54 - -5.99 - -9.64 2.4 1.4 18 
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7 1 P1g 4.53 4.02 -6.00 -6.50 - -10.2 4.0 - 40 
8 2 P2 4.02 3.85 - -6.67 - -10.3 5.0 - 41 
9 3 P3 4.34 4.05 - -6.48 - -10.1 3.8 - 42 
10 4 P4 4.44 4.57 -5.59 -5.95 - -9.60 1.9 - 26 
11 5 P5 5.20 5.91 -5 -4.61 - -8.26 0.32 1.3 43 
12 6 P6 6.51 6.77 - -3.76 - -7.41 0.10 - 30 
13 7 P7 5.52 4.16 -4.76 -6.36 - -10.0 3.3 - 32 
14 8 P8 2.41 4.03 -5.94 -6.50 - -10.2 4.0 - 44 
15 9 P9 8.28 8.18 - -2.34 - -5.99 0.015 - 45 
16 10 P10 5.33 3.99 -4.69 -6.53 - -10.2 4.1 - 46 
17 11 P11a 4.25 4.40 -4.43 -6.12 - -9.78 2.4 - 47 
18 11 P11b 8.89 9.85 - -0.67 - -4.32 0.0020 - 48 
19 12 P12 5.19 5.36 -4.00 -5.17 - -8.82 0.67 - 49 
20 13 P13 4.96 5.20 - -5.32 - -8.97 0.82 - 50 
21 14 P14 6.46 7.40 - -3.13 - -6.78 0.043 - 51 
a) Dahms-Ruff equation was used for calculation. Redox units were assumed to be spheres with closest packing. 
b) Estimated by a Smoluchowski model and equation (3. 9). c) Calculated from the peak separation of cyclic 
voltammogram and the method of Nicholson unless otherwise noted in the original article. d) Estimated by 
dynamic light scattering and/or an entangled polymer model (the value from the latter was used unless DLS 
measurement was conducted). e) Ratio is determined by (swollen volume)/(original volume). Density of the 
original polymer was estimated to be 1 g/cm3. f) This report. g) Measured in solution. 
 
Figure 3. 3 Polymer structures used for the analyses of electrochemical rate constants. 
 
Many models have been proposed to study the decline in the rate constants by many researchers (J. Bard, 
R. Murray, J. Savéant, et al), those are,  a) limited mobility of compensation ions and solvents,16,18,27,52–54  
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b) suppressed movement of molecules due to electrostatic cross-linking by ionic species,43,55,56 c) surface 
coverage of the current collector by inactive polymer chains,57–59 and e) elevated reorganization energy.60 
However, all the proposed models tend to suffer from the quantitativity and the consistency with the 
experiment results as shown below.  
a) Limited mobility of compensation ions and solvents16,18,27,52–54 
The ion mobility model, the most commonly discussed one, claims that the migration processes of 
compensating ions for the electrically charged redox centers must be the main limiting process for the 
charge transfer.39 However, the typical physical diffusion rate (105 cm2/s) of the electrolyte ion is several 
orders of magnitude higher than those of the polymers (Det ~ 10-10 cm2/s), meaning that the former should 
not be rate limiting ( note that the mobility and conductivity of electrolyte salts in gels are normally as high 
as those in normal solutions).61 Further, the decreases of kex,app and k0 have been similarly observed even in 
the steady states47,62 whilst the migration of ions should not become the limiting process because they hardly 
moved in the gels. 
 
b) Suppressed movement of molecules by electrostatic cross-linking43,55,56 
The electrostatic crosslinking model assumes that the charged redox-active and ionic species bound to 
macromolecules induce the electrostatic interactions, suppressing the Brownian motion of the molecules. 
Still, the decrease has been observed irrespective of the charge of the redox sites (neutral or cation32) and 
the content ratio of the introduced ionic species.63 
 
c) Impeded reaction due to the surface coverage of current collector by redox-inactive polymer chains57–59 
The surface coverage model asserts that the redox reaction is inhibited by covering the surface of the 
current collector with redox-inactive polymer backbones. However, the typically calculated surface 
coverage of 99.9% by redox-inactive backbones58 was obviously too large compared to the stoichiometry 
of the redox centers and polymer backbones unless extraordinarily strong interaction between the substrate 
and the polymer chain existed. Also, the model does not give a quantitative and consistent explanation of 
the concurrently decreasing bimolecular constant, kex,app. 
 
d) Elevated reorganization energy60 
The model assumes that the highly populated and charged redox sites increase the solvation energy, and 
decrease the reaction rates. However, such decline does not seem to occur for the dissolved redox-active 
species even at a high concentration (> 1 mol/L).2,20,64 
 
The preliminary experiments, described below, clearly showed that, even in the redox-active polymer 
electrodes, the electrochemical reactions could proceed as fast as in normal electrolytes if the involved 
redox sites were not immobilized to polymer chains. The result meant that the all the proposed models 
should not be the universal reasons for the decrease of rate constants. 
Chapter 3 
 
72 
 
 
Charge transfer process of TEMPO molecules dissolved in an electrolyte solution was studied. Constant 
potential of 0.86 V (vs. Fc/Fc+) was applied to a glassy carbon substrate as a working electrode (Table 3. 3, 
entry 1, Figure 3. 4, and Figure 3. 5). The estimated diffusion coefficient of Det’ = 4 x10-5 cm2/s for charge 
transfer was comparable to a previous report,23 suggesting that the molecules provided the sufficiently fast 
electron self-exchange reaction. The coefficient of the dissolved redox-active species can be expressed by 
Det’ = Det + Dphys.15 Non-restricted physical diffusion of the dissolved molecules (Dphys = 10-5 cm2/s) makes 
Det’ much larger than those of redox-active polymers where redox-sites were covalently bound to polymer 
chains (Det’ = Det ~ 10-10 cm2/s ). 
Det’ of TEMPO in radical polymer gels was analyzed using the polymer-coated glassy carbon electrodes 
(Figure 3. 4,Table 3. 3, entry 2—5). The background current originated from the radical polymers were 
deducted to calculate the accurate Det’. TEMPO molecules provided almost the same diffusion coefficient 
of 10-5 cm2/s even in P1a, P1b, and P1c gel layers. The obtained current density (> 10 mA/cm2) was much 
larger than that of the radical polymers. 
The results clearly suggested that i) the electrolyte salts and charged redox-active species in the radical 
polymer gels could move as fast as in normal electrolytes (contradicting models a) and b)), ii) 
electrochemical reactions were not impeded by redox-inactive polymer chains (contradicting model c)), 
and iii) reorganization energy for the reaction in the gels must be the same as normal electrolytes 
(contradicting model d)). In other words, other processes such as suppressed segmental motion of redox-
sites in the polymers must be the limiting processes for charge transfer. In an exceptional case, a hydrophilic 
TEMPO-substituted polymer, P1d, which did not swell in the organic electrolyte solution (entry 4), gave 
much smaller diffusion coefficient of TEMPO (10-8 cm2/s, entry 5). The decrease was caused by the 
suppressed movement of dissolved TEMPO molecules and electrolyte salts. 
 
Table 3. 3 Diffusion coefficient of TEMPO molecules dissolved in an electrolyte 
Entry Coating polymer log Det’ of TEMPOa) 
1 None -4.42 
2 P1a -4.64 
3 P1b -4.53 
4 P1c -4.44 
5 P1d -7.47 
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   (a)     (b) 
Figure 3. 4 (a) Configuration of the polymer-coated electrode to determine the apparent charge diffusion 
coefficient, Det’, of TEMPO molecules. (b) Cottrell plots for the 0.1 M TEMPO solution measured by 
pristine and radical polymer-coated electrodes. The step potential was -0.13 to 0.86 V vs. Fc/Fc+. 
 
 
   (a)     (b) 
Figure 3. 5 (a) Cyclic voltammograms of radical polymer layers formed on glassy carbon substrates. Scan 
rate was 5 mV/s. (b) Cottrell plots for the polymer electrodes. The step potential was -0.13 to 0.86 V vs. 
Fc/Fc+ 
 
  The relationship between kex,app and k0 was also reported to be abnormal28 whilst the proportional 
relationship between k0 and (kex,app)1/2  holds for a typical organic redox system according to Marcus 
theory.65 The topic is also studied in the last section of this report. 
The unexplained rate limiting process of the charge transfer hinders the practical design of the 
electrochemical devices with enhanced energy density and larger flux. There is a clear but unexplained 
trade-off between the concentration of the redox sites, CE, and the observed bimolecular rate constant, kex,app, 
of the most of reported non-conjugated redox-active polymers (Figure 3. 2 (b), Table 3. 2). It should be 
noted that, in contrast, the increased overlapping of wave function due to the populated redox-active sites 
normally accelerate the charge hopping based on Marcus-Hush theory.14,65,66 
 
In this chapter, the electron hopping model considering Marcus-Hush theory14,65,66 and the segmental 
motion15,32,67–70 of redox-active sites (preliminarily developed by F. Anson et al) is proposed to explain the 
charge transfer processes in the non-conjugated polymers. The current model comprehensively clarified 
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that the suppressed movement of the redox-centers bound to macromolecules reduced the collision 
frequency of the charge transfer reactions. The derived equations predicted kex,app and k0 with a wide range 
of magnitude (104 < kex,app < 108 M-1s-1 and 10-6 < k0 < 100 cm/s) regardless of the kinds of redox species, 
main chains, and the states of the polymers (i.e., dissolved or swollen gel). The model also rationalized why 
the non-conjugated polymers in electrolytes showed the diffusive current, not drift as observed with 
conventional conjugated polymers.14 
To break through the trade-off of the rate bimolecular rate constant and the site density, a new 
supramolecular design of a polymer electrode was studied. The addition of a small amount of a redox-active 
low molecular weight gelator, where molecules were loosely bound to the supramolecular structures, to the 
polymer electrode dramatically enhanced the electrochemical reaction rates. The exceptionally high 
constant kex,app of 107 M-1s-1 as well as high site concentration of > 1 M was firstly achieved for the 
immobilized polymer electrodes. The current density of ~ 20 mA/cm2 was one of the highest of the pristine 
non-conjugated redox-active polymer electrodes ever achieved, giving rise to the next-generation organic 
devices with higher charge flux and energy density. 
 
3.2 Frozen-molecule Model for Redox Mediation 
As a first step, a “frozen-molecule model” is considered to describe the charge transport processes in the 
non-conjugated redox-active polymers using ab initio calculation. The model approximates the molecules 
are completely fixed to the polymer chains (i.e., no physical mobility). Such assumption is normally used 
to study organic semiconductors.13 2,2,6,6-tetramethylpiperidine 1-oxyl, free radical (TEMPO, 1) was 
selected as a typical redox-active center for calculation.  The bimolecular constant of TEMPO was 
determined previously using electron spin resonance technique.22 Poly(TEMPO-substituted 
methacrylate)(P1a) 1,40,71 was chosen as a non-conjugated redox-active polymer, whose quantum chemical 
properties have been preliminarily studied.72  
Marcus-Hush theory predicts the bimolecular charge transfer frequency, khop, between radicals and 
oxidized cations by equation (3. 1).14,65,66 
 𝑘hop = (
𝜋
𝜆𝑘𝑏𝑇
)
1/2 𝐻𝐴𝐵  
2
ℏ
exp (−
Δ𝐺‡
𝑘𝑏𝑇
) (3. 1) 
 (: reorganization energy, kb: Boltzmann constant, T: temperature, HAB: electronic coupling, ℏ: reduced 
Planck constant, and G‡: activation energy for the transition state) 
 
Electron self-exchange constant, kex, is expressed by 𝑘ex,app = 𝐾a𝑘hop (association constant Ka = 0.23 
M-1, for TEMPO22). The heterogeneous rate constant, k0, in adiabatic system can also be calculated by 
equation (3. 2) according to Marcus-Hush theory.65,73,74 
 𝑘0 = 𝜅el𝐾p𝜈nexp(− 𝜆 (4𝑘b𝑇)⁄ )  (3. 2) 
(el: electronic transmission coefficient (~ 1), Kp: precursor equilibrium constant (~6 x10-9 cm 73), n: 
effective nuclear frequency) 
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In a TEMPO solution, where molecules move freely, the head on geometry with the closest contact of 
N-O∙ radicals (distance of ~ 0.2 nm) was taken (Figure 3. 6(a)). For polymers, the average distance of 0.8 
nm between N-O∙ radicals was assumed according to the molecular dynamics calculation (Figure 3. 
6(b)).72 The hopping distance in the polymers becomes larger than that of monomer solutions because the 
geometry of the redox centers was restricted by the covalent bonding to main chains. 
 
     (a)        (b) 
Figure 3. 6 Typical geometry for the electron transfer between TEMPO molecules in case of a) monomer 
and b) polymer (P1a). Light blue, gray, blue, and red spheres represent hydrogen, carbon, nitrogen, and 
oxygen atoms, respectively. 
 
Calculation of bimolecular rate constant (kex): 
Activation energy considering the electronic coupling is expressed by equation (3. 3).75  
 Δ𝐺‡ = (𝜆 − 𝐻AB)
2/4𝜆 (3. 3) 
 
Reorganization energy consists of inner and outer contributions.65 
 𝜆 =  𝜆i +  𝜆o (3. 4) 
(i: inner reorganization energy and o: outer reorganization energy) 
 
Inner reorganization energy of TEMPO was reported to be λi = 0.347 eV using Nelsen’s method.22,76 Outer 
reorganization energy can be approximated by the following equation according to Marcus theory.65,66 
 𝜆o =  
𝑒2
4𝜋𝜀0
(
1
2𝑎1
+
1
2𝑎2
−
1
𝛿
)(
1
𝑛2
−
1
𝜀s
) (3. 5) 
(e: elemental charge, 0: dielectric constant of vacuum, a1, a2: radii of the reactants (0.311 nm for TEMPO22), 
𝛿 : hopping distance, n: reflective index of acetonitrile (1.34), and s: dielectric constant of acetonitrile 
(37.5)) 
 
The hopping distance of was assumed to be a1 + a2 = 0.622 nm for the TEMPO solution and 0.8 nm 
for the polymer, according to the molecular dynamics calculation.72 The calculation also indicated that the 
importance of interchain hopping for electron transfer. However, the case was ignored because the swelling 
(volumetric ratio of ~ 600%) of radical polymers in electrolytes dramatically outdistanced the interchain 
redox sites. 
Electronic coupling, HAB, in vacuum was calculated by quantum mechanical calculations. The structure 
0.2 nm
Chapter 3 
 
76 
 
of TEMPO was preliminarily optimized by density functional theory (B3LYP) calculation with 6-31g(d,p) 
basis using Gaussian09. The coupling was calculated using NWChem software package (Hartree-Fock 
method with 6-31g basis). The head on geometry of the two TEMPO molecules with almost the closest 
contact (O-O distance of 0.19 nm) was assumed for the calculation. For the polymer, the reported value of 
0.003 eV (Figure 6 in the reference72, O-O distance of  nm) was used to estimate khop. 
 
Calculation of standard rate constant (k0): 
Marcus-Hush theory also predicts the heterogeneous charge transfer constant, k0 (equation (3. 2)).65,73,74 
The outer reorganization energy for heterogeneous charge transfer is typically half of that of bimolecular 
electron self-exchange.65 The effective frequency is expressed by equation (3. 6).22 
 𝜈n = 1 𝜏L⁄ (𝜆o (16𝜋𝑅𝑇⁄ ))
1/2 (3. 6) 
(L: longitudinal solvent relaxation time (= 2 x10-13 s for acetonitrile22)) 
 
The calculated constants of the TEMPO monomer, kex = 108 M-1s-1, k0 = 100 cm/s, and Δ𝐺‡ = 0.25 eV, 
gave excellent agreement with the experimental values, suggesting the validity of the model (Table 3. 4). 
The estimated reorganization energy for the heterogeneous charge transfer,  ~ 1 eV, was also comparable 
to the experimentally determined value of a self-assembled monolayer of TEMPO77 in water, 1.3-1.5 eV. 
 
Table 3. 4 Prediction of the rate constants of TEMPO derivatives by a frozen-molecule modela) 
Compound 
HAB 
(eV) 
G‡ 
(eV) b) 
log kex log k0 
 Calc Calc Exp Calc Exp Calc Exp 
1 0.3 0.25 0.2222 8 8c) 0 -1c) 
P1a 0.003 0.46 0.27 39 0 5c) - -5c) 
a) See supporting information for the calculation. b) Value for bimolecular constant. c) Table 3. 2 and Table 
3. 1.  
 
For the polymer, the calculation predicted that the bimolecular rate constant would become 108 times 
smaller than the dissolved monomer because of the larger hopping distance and the doubly increased 
activation energy. Still, the estimation was obviously too small compared to the experimental value (105 M-
1s-1), meaning that the model was never appropriate for polymer to explain the charge transfer processes. 
Calculation of k0 by the quantum mechanics model was too complicated to conduct because the density of 
states of substrates, the spatial distribution, and wave function of the redox sites must be determined 
precisely.78 
Almost the same experimentally obtained activation energy of the monomer and polymer (~ 0.25 eV)22,39 
instead meant that, even in the polymer electrodes, the charge hopping between the adjacent sites proceeded 
at almost the closest contact in a similar way to the monomer solution thanks to the Brownian motion. In 
the next section, the author shows that such a dynamic rearrangement of the redox sites is critically 
 Diffusion-cooperative Model for Charge Mediation 
by Redox-active, Non-conjugated Polymers 
 
77 
 
important to explain the charge transport processes quantitatively in the non-conjugated polymers with the 
existence of electrolytes. 
It should be noteworthy to compare the charge hopping processes of the non-conjugated polymers with 
the conjugates. The experimentally evaluated hopping rate, khop (= kex,app / KA = 107 s-1, for P1a), of a non-
conjugated polymer was several orders of magnitude smaller than those of the conjugated ones (typically 
> 1012 s-1).14,79  The decrease is clearly explained by the differences of (i) activation energy and (ii) 
electronic coupling for charge hopping. The outer reorganization energy originated from highly polar 
solvents (~ 1 eV for TEMPO in acetonitrile, dielectric constant of 35) is much larger than those of the ‘dry’ 
organic semiconductors (normally ~ 0 eV because of the negligibly low dielectric constant of ~ 3).10 Further, 
electronic coupling in the non-conjugates is normally smaller than the conjugates (10-2—10-1 eV)14,79 due to 
the localized electron structure. The existence of electrolytes also makes the polymers swollen18 and 
enlarges interchain charge hopping distances, exponentially reducing HAB. Such significant decreases of 
the hopping rate have been observed for a series of aliphatic polymers, irrespective of the chemical 
structure.2,18,26,30,39–51 
Although the hopping rates of the non-conjugated polymers swollen with electrolytes are smaller than 
those of the conjugates, the diffusion current (100—1 mA/cm2) 2,18,26,30,39–51 is observed instead of drift current 
according to the general expression of current density:80  
  𝐽 = 𝜎𝐸f − 𝑛𝐹𝐷et
𝑑𝐶
𝑑𝑥
   (3. 7) 
(𝜎: conductance, Ef: electric field, n: number of electrons, F: Faraday constant, Det: diffusion coefficient 
for electron transfer, C: concentration of carriers). 
 
The highly populated redox centers (> 1 mol/L) with arbitrary doping ratio (0—100%) in the non-
conjugates can provide exceptionally large concentration gradient of charge (> 1026 electrons/cm4) and 
therefore moderate current density exceeding 1 mA/cm2.18,81 The apparent charge diffusion coefficient, Det, 
is correlated with apparent bimolecular rate constant, kex,app, by Dahms-Ruff equation (3. 8), (typically Det 
~ 10-10 cm2/s, CE: total concentration of redox sites and 𝛿: site distance) 15,18,27,82  
 𝐷et = 1 6⁄ ∙ 𝑘ex,app𝐶E𝛿
2  (3. 8) 
3.3 Diffusion Cooperative Model of Redox-active Sites Bound to Polymer Backbones 
Electron self-exchange processes by neighboring redox-active centers were studied considering the 
physical diffusion of the molecules.15,22,32,67–70 The rearrangement of the redox centers occurs due to 
Brownian motion. The apparent bimolecular reaction constant was expressed by a serial reaction equation, 
1 𝑘ex,app⁄ = 1 𝑘ex⁄ + 1 𝑘diff⁄  .
22,67,68 The physical diffusion constant, kdiff, could be approximated by a 
classical Smoluchowski model of rigid spheres as reactants: 𝑘diff = 16π𝐷𝑝ℎ𝑦𝑠𝑎𝑁A   (Dphys: physical 
diffusion coefficient of redox sites, a: radius of the sites (0.31 nm for TEMPO22), and NA: Avogadro 
constant).83 The model assumed that the electron transfer occurred only when the redox-sites had the closest 
contact. In the following discussion, it is shown that the apparent rate constant kex,app of the non-conjugated 
polymers is determined by the collision frequency of the redox sites because of kdiff << kex (=  3 x 108 M-
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1s-1 for TEMPO).22 Also, the standard reaction rate constant, k0, in consideration of the diffusion process 
could be approximated by equation (3. 9).84 
 𝑘0 = 𝜅𝑒𝑙
3𝐷phys
2𝐿
exp (−
𝜆
4𝑘b𝑇
)  (3. 9)   
(el: electron transmission coefficient (~ 1) and L: mean free distance (= 0.3 nm)84) 
 
Based on the rigid sphere model, the rate constants for a series of TEMPO-substituted polymers were 
calculated with different main chains consisting of methacrylate, ether, and acrylamide units (Table 3. 2, 
entry 1—5, Figure 3. 7). The physical diffusion the coefficient of redox sites, Dphys, was estimated from 
Stokes-Einstein equation65,85 for TEMPO solution (= 2 x 10-5 cm2/s) and dynamic light scattering (DLS) 
for polymers (Figure 3. 8). Although DLS is commonly used to determine the sizes of particles dispersed 
in liquids, the physical diffusion coefficient of macromolecular chains within swollen gels could be also 
estimated as shown below.86–88 
 
      (a)         (b) 
Figure 3. 7 Physical diffusion coefficient dependence of a) kex,app and b) k0 for a series of aliphatic polymers 
with TEMPO and other compounds (shown in Table 3. 2) as redox-active centers. 
 
DLS measurement: 
The measurements yield second-order correlation function, g(2)(). 
 𝑔(2)(𝜏) = < 𝐼(𝑡) ∙ 𝐼(𝑡 + 𝜏) > < 𝐼(𝑡) >2⁄  (3. 10) 
(I(t): observed intensity at time = t. : decay time) 
 
Probability density function of Dphys is obtained by inverse Laplace transforming the first-order function. 
 
𝑔(1)(𝜏) = (𝑔(2)(𝜏) − 1)
1/2
 
= ∫ 𝑃(𝛤) exp(−𝛤𝜏) d𝛤
∞
0
 
(∫ 𝑃(𝛤)d𝛤 = 1
∞
0
) 
(3. 11) 
(: decay rate, P(): probability density function) 
 𝛤 = (4𝜋𝑛 𝜆light⁄ sin(𝜃 2⁄ ))
2
𝐷phys (3. 12) 
 (light: wavelength of laser, : angle of the detector) 
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Gels are reported to give spatial non-uniformity (non-ergodic).88,89 Therefore, average the value of 
several measurements was used to estimate Dphys. The probability peaks of the both faster (10-9—10-6 cm2/s) 
and lower modes (< 10-9) were obtained for each gel. The faster and lower modes corresponded to the 
translational motion of the individual polymer chains and that of the clusters, respectively.88,89 The diffusion 
coefficient for the clustered motion gave more accurate estimation of the rate constants, k0 and kex,app, than 
that of faster modes although the reason was yet unclear. The values for the cluster modes were also 
comparable to the previously reported Dphys for the charge transport of a non-conjugated redox-active 
polymer.67,68 On the other hand, the gels with higher rate constants (P1b and LMWG) yielded higher 
intensity peaks of the faster segmental motion, suggesting the contribution of the individual chain modes 
for faster charge transfer. Quantification of the effects of such slow and fast translational modes as well as 
side chain movement, decoupling with the main chains, 90,91 will be a future challenge. 
 
Figure 3. 8 Physical diffusion coefficient, Dphys, of radical polymers and LMWG swollen in acetonitrile. 
The concentration of a LMWG gel was 20 mg/mL. 
 
 
The diffusion coefficient (typically Dphys ~ 10-10 cm2/s) of the polymer gel was 105 times smaller than 
that of the monomer solution (10-5 cm2/s, Table 3. 2). An increase in molecular weight and the entanglement 
of the polymer chains reduced the physical mobility. The model successfully predicted kex,app (104 to 108 M-
1s-1) and k0 (10-6 to 10-1 cm/s) in a wide range of magnitudes, regardless of the states (dissolved or gel) and 
molecular structures (Table 3. 2). The agreement strongly suggested that charge transfer rate by the non-
conjugated polymers was dominated by the physical movement of the redox centers. The hydrophilic 
polymer (P1d) with a polyamide chain yielded the constants which were about 1/10 of the predicted value 
in an acetonitrile electrolyte. This was due to the slow migration process of the compensating ions caused 
by the lack of swelling in the organic electrolyte (Figure 3. 4, Table 3. 3).  
Next, the rate constants of a series of the previously reported non-conjugated polymers, whose physical 
diffusion coefficient has not been experimentally determined, were estimated (Table 3. 2). A simple 
approximation formula (3. 13) was used to predict the physical diffusion coefficient, based on an entangled 
polymer model by de Gennes.92–95  
 𝐷phys ∝ 𝐶E
−𝛽
 (3. 13) 
(Exponential factor  = 1.75 in an ideal case92) 
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The model predicts that the higher concentration of the polymer chains will decrease Dphys owing to the 
entanglement. The predicted Dphys by an entangled polymer model was in a good agreement with the 
experimentally determined values of the radical polymers (Table 3. 2, entry 1—4). Further, the model 
successfully explained the overall relationship between the redox site concentration CE (0.001—5 mol / L), 
kex,app (104—109 M-1s-1), k0 (10-6—10-1 cm/s), and Dphys (10-5—10-10 cm2/s) in a wide range of magnitudes, 
regardless of the kinds of redox-active sites and polymer structures (Figure 3. 1, Figure 3. 7, Table 3. 2). 
The calculation assumed that the molecular radius of a and reorganization energy of  were the ones of 
TEMPO. Therefore, it is natural that the estimation errors occurred with the other redox-active species 
(Table 3. 2, entry 8—21). (i) Physical and electrostatic interaction between the redox sites, (ii) limited 
mobility of counter ions in insufficiently swollen gels, and (iii) rigidization of main chains by excessively 
populated redox-active pendants (i.e., behave as a stiff or bottle brush polymer)96,97 should be the other 
causes of the estimation errors. The lower physical diffusion coefficient and swelling ratio among the same 
chemical structure, P1a (Table 3. 2, entry 1 and 1’), was caused the difference of molecular weight and the 
mobility of molecular chains (Mn = 1 x 105 and 3 x 104 for entry 1 and 1’, respectively). 
The excellent agreement of calculated kex,app and k0 with the experimental values meant that the 
homogeneous and heterogeneous charge transport processes in non-conjugated redox-active polymers are 
dominated by the limited physical diffusion of the redox sites in the presence of electrolytes. Also, an 
entangled polymer chain model successfully explained the trade-off between the site concentration, CE, and 
bimolecular rate constant kex,app. 
In the rigid sphere model, the distance dependence of the electron hopping probability98 and restricted 
movement of redox-sites originated from the bonding to the polymer chains were ignored. However, the 
model provided almost the same trends as the Monte Carlo simulation considering the two factors, 
suggesting practical validity of the assumptions as shown below.  
 
Monte Carlo simulation of charge transfer in a radical polymer layer: 
The simulation on self-electron exchange with a two-dimensional molecular system was conducted to 
clarify the charge transport process. The hopping processes were calculated assuming that the redox-active 
sites provided Brownian motion in the ranges of the free volume of polymer chains (restricted radius of ~ 
0.35 nm 99). The existence of the polymer chains and collisions of the redox sites were ignored. As a 
boundary condition, the radical species were oxidized at the current collector surface, x = 0, with a 
sufficiently high constant potential (i.e., chronoamperometry). Initial concentration of the reduced and 
oxidized species was set to be CE (> 0) and zero, respectively. The velocity, v, of the redox-active was 
approximated according to an ideal gas model. 
 𝑣 = 3𝐷phys/𝐿 (3. 14) 
(L: Mean free path (= 0.3 nm)84)  
 
Shape of redox-active centers were circular with a radius a of 0.1 nm (considering the closest contact 
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distance of O-O atoms: 0.2 nm). For the hopping frequency, khop, equation (3. 15) empirically holds.98 
 𝑘homo = 𝑘homo,0exp (−𝛾(𝑧 − 2𝑎)) (3. 15) 
(khomo,0 = kex,app/KA = (3 x 108 M-1s-1) / (0.23 M-1) = 1.1 x109 s-1, 22, : decay constant, and z: distance 
between redox sites) 
 
The expression means that the overlap of wave function between the redox sites exponentially decreases 
as the intramolecular distance of z increases. The decay constant, , was assumed to be 30 nm-1. The decline 
corresponded to the decrease in electronic coupling along with the increase of hopping distance from 0.2 
nm to 0.8 nm (Table 3. 4). The constant was comparable to previously reported values of 10—40 nm-1 for 
electron hopping by organic compounds.98 
 
Heterogeneous charge transfer frequency, khet, was also estimated using Butler-Volmer equation. 
 𝑘het = 𝑘het,0exp (−𝛾(𝑧 − 𝑎)) ∙ exp (
𝑛𝐹𝛼
𝑅𝑇
(𝐸 − 𝐸1/2)) (3. 16) 
(khet,0 = k0/KP = (0.1 cm/s) / (6 x10-9 cm) = 1.7 x107 s-1, 73, z: distance from a current collector, and 𝐸 − 𝐸1/2 
~ 0.36 V to yield the second exponential factor of 1000 (i.e., electrolysis proceeded at sufficiently high 
potential))  
 
Molecules were packed in a rectangular box with a height of average site distance, . The area of the box 
was 15 nm x 15 nm. During one step in 𝑡step seconds, bimolecular and heterogeneous charge transfer 
reactions occurred 𝑘homo ∙ 𝑡step and 𝑘het ∙ 𝑡step times, respectively. The step period of 𝑡step was set so 
that the transition, v tstep, of redox center at one frame did not exceed the restricted diffusion radius of 0.35 
nm (e.g., 0.001 s for Dphys = 10-7 cm2/s). 
In the simulation, the percolating charge transport proceeded by the bimolecular electron exchanges of 
each redox center (Figure 3. 9). The concentration profile of oxidized species, C(x,t), was could be 
approximated by an error function (3. 17), meaning that the electron hopping yielded the diffusion-like 
charge transport as experimentally observed.15,18 
 𝐶(𝑥, 𝑡) =  𝐶E(1 − erf(𝑥 (2√𝐷et𝑡)⁄ )) (3. 17) 
(x: distance from a substrate) 
 
Based on the simulated Det, the apparent bimolecular rate constant, kex,app, was calculated by Dahms-Ruff 
equation (3. 8). The rate constant showed monotonic increase for the total concentration of redox sites, CE, 
and physical diffusion coefficient, Dphys (Figure 3. 9 (b), Table 3. 5). Improvement of kex,app along with the 
higher density of the redox sites was explained by the increased overlap of wave function as experimentally 
observed with some polymers.68,69  The hopping frequency was also accelerated by the higher Dphys, which 
made each redox site temporarily approach closer mode frequently. It should be noted that the physical 
diffusion of the molecular species itself did not contribute to the enhancement of kex,app because the 
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translational motion was limited in the restricted radius of 0.35 nm. 
In a case of Dphys = 0 cm2/s, where redox centers provided no Brownian motion, the obtained kex,app (100—
1 M-1s-1) was comparable to the result of quantum chemical calculation with the frozen molecule model 
(100 M-1s-1, Table 3. 4). The obtained constants with physical diffusion (Dphys > 0) were also comparable 
with the experimental and estimated values by Smoluchowski equation, supporting the validity of the 
models (Figure 3. 9 (b), Table 3. 2). The rigid sphere assumption of the reactants by Smoluchowski equation 
was practically valid because the hopping probability exponentially decreased with a rather large decay 
constant of 30 nm-1 (i.e., reaction proceeded at almost the closest contact). Concentration dependence of 
kex,app originated from the restricted diffusion and hopping probability equation (3. 15) was ignored in 
Smoluchowski model. However, the effect of concentration dependence was found to be practically less 
important than those induced by the change of Dphys (Table 3. 5). 
 
     (a)     (b) 
Figure 3. 9 (a) Simulation image of charge transport by radical polymers. Orange and green circles represent 
the oxidized and reduced species, respectively. (b) Calculated and experimental kex,app as a function of 
physical diffusion coefficient, Dphys, and total concentration CE of redox sites. The blue mesh and red 
spheres represent the simulation (Table 3. 5) and experimental (Table 3. 2) results, respectively. 
 
Table 3. 5 Estimated apparent bimolecular rate constant by a Monte Carlo simulation 
Dphys (cm2/s) CE (mol/L) log kex,app 
0 0.5 0.499 
0 1.5 0.284 
0 2.5 0.970 
0 3.5 1.28 
10-11 0.5 2.10 
10-11 1.5 3.00 
10-11 2.5 3.34 
10-11 3.5 3.51 
10-10 0.5 3.64 
10-10 1.5 4.01 
10-10 2.5 4.19 
0                     5                    10                  15
x (nm)
y
(n
m
)
15
10
5
0
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10-10 3.5 4.35 
10-9 0.5 4.06 
10-9 1.5 4.56 
10-9 2.5 5.03 
10-9 3.5 5.01 
10-8 0.5 4.92 
10-8 1.5 5.49 
10-8 2.5 5.54 
10-8 3.5 5.71 
10-7 0.5 5.51 
10-7 1.5 5.82 
10-7 2.5 6.10 
10-7 3.5 6.41 
 
3.4 Supramolecular Approach to Achieve Higher Charge Flux and Energy Density 
In the previous section, it was pointed out that the reactivity of the redox species bound to 
macromolecules unintentionally became several orders of magnitude lower than those of monomer solution. 
Herein, as a breakthrough against such an unfavorable trade-off, the use of low molecular weight gelators 
containing redox-active centers is proposed. The author’s group recently reported that the physically formed 
organic gels by TEMPO-substituted low molecular weight gelator (LMWG, Figure 3. 10(a)) provided 
exceptionally large bimolecular rate constant, kex,app = 108 M-1s-1 whilst the bulky aliphatic structure suffered 
from the low site concentration (Figure 3. 10(a)).100 The large rate constant was definitely originated from 
the dynamic supramolecular gels formed by hydrogen bonding and the high mobility of redox centers 
substituted on long and flexible alkyl chains. 
 
 
   (a)     (b) 
 
NH
NH
O (CH2)12
O O N O
LMWG
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   (c)        (d) 
Figure 3. 10 a) Chemical structure of low molecular weight gelator (LMWG). b) Cyclic voltammogram of 
P1b and P1b/LMWG (20 mol% addition of gelator). c, d) Obtained bimolecular (kex,app) and heterogeneous 
(k0) rate constants of the hybrids. 
 
In order to achieve both high concentration and physical diffusion coefficient of the redox sites, small 
amount (10—30 mol%) of LMWG was added to polyether-based radical polymers, P1b and P1c, which 
showed high kex,app of 105—6 M-1s-1. In both cases, reversible redox waves at ca. 0.3 V (Fc/FC+) by TEMPO 
were observed, with an increase in peak current and a decrease in peak separation by the addition of LMWG 
(Figure 3. 10(b) and Figure 3. 11). 
 
 
          (a)      (b) 
Figure 3. 11 Cyclic voltammograms of (a) P1b and (b) P1c layers mixed with LMWG. The legend shows 
the molar ratio of the redox active units in radical polymer/LMWG. Scan rate was 5 mV/s 
 
The charge mediation by the gelator improved the bimolecular (106 to 107 M-1s-1 for P1b) and 
heterogeneous rate constants (10-5 to 10-4 cm/s) by a factor of 101 (Table 3. 6). 
 
Table 3. 6 Experimentally determined rate constants of the radical polymer/LMWG hybrids 
Polymer 
Molar ratio 
of LMWG (-) 
CE 
(mol/L)a) 
Peak 
separation (mV) 
log kex,app 
(-) 
log k0 
(-) 
P1b 
0 1.6 144 6.18 -4.88 
0.11 1.4 115 6.66 -4.42 
0.20 1.2 89 7.11 -3.88 
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0.33 1.0 116 6.98 -4.29 
P1c 
0 0.83 99 5.08 -5.06 
0.09 0.68 102 6.08 -4.62 
0.17 0.59 92 6.43 -4.32 
0.29 0.49 92 6.40 -4.35 
a) Swelling ratio without LMWG was used for calculation. 
 
 The synergy of the large kex,app and high concentration of the redox sites, CE (> 1 M) of P1b/LMWG 
yielded one of the largest current density (~ 20 mA/cm2) of the non-conjugated polymer-based electrodes 
(i.e., without conductive additives), which could be even comparable to those of the conjugated ones (100—
3 mA/cm2, Figure 3. 12).9,39,81,101 
 
 
     (a)       (b) 
Figure 3. 12 Cottrel plots for (a) P1b and (b) P1b electrodes mixed with LMWG. The legend shows the 
molar ratio of the redox active units in radical polymer/LMWG. The step potential was -0.13 to 0.86 V vs. 
Fc/Fc+ 
 
The mixture also gave reversible redox capability even in ionic liquid, giving rise to highly functionalized 
electrochemical devices such as quasi solid-state batteries (Figure 3. 13). The electrochemical properties of 
radical polymer electrodes in ionic liquid, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
(BMIM TFSI), were measured instead of 0.5 M tetrabutylammonium perchlorate in acetonitrile as an 
electrolyte. Reversible redox waves at E1/2 of ca. 0.3 V vs. Fc/Fc+ were observed for P1b, P1c, and mixture 
of P1b and LMWG. The obtained current density during electrolysis was about 10 times smaller than that 
in acetonitrile due to the higher viscosity of the solvent and lower effective nuclear frequency.54,102  In 
contrast to acetonitrile, addition of LMWG did not improved current density significantly, meaning that, 
in ionic liquid, the suppressed movement of counter ions and solvents should be considered to understand 
the limiting process. 
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      (a)      (b) 
Figure 3. 13 (a) Cyclic voltammograms and (b) Cottrell plots for the radical polymer layers measured in 
BMIM TFSI as the electrolyte. Scan rate was 5 mV/s for the cyclic voltammetry. The step potential was -
0.13 to 0.86 V vs. Fc/Fc+ for the chronoamperometry. Molar ratio of redox active units of P1b and LMWG 
was 0.8/0.2. 
 
The best ratio of LMWG to obtain the maximum rate constant was about 20 mol% equivalent against 
the TEMPO units in radical polymers (Figure 3. 10(c)). The elucidation of the charge transport processes 
in the mixture of amorphous non-conjugated polymer chains and anisotropic fibers by gelators will give 
suggestions for the optimal ratio and furtherly enhanced molecular design for larger charge flux. 
A proportional relationship between the heterogeneous (k0) and bimolecular (kex,app) rate constants was 
obtained with a series of molar ratio of LMWG (Figure 3. 10(d)). The trend was contrary to the ordinary 
relationship of 𝑘o ∝ (𝑘ex,app)
1/2 by normal redox active species where diffusion proceeded sufficiently 
fast.65 Instead, the result for the polymers should be interpreted by the diffusion limited model as discussed 
above, which predicted that the both constants were proportional to Dphys. The experimentally obtained ratio 
of the constants, kex,app / k0 (= 1 x 1014 cm2/mol), was in a good agreement with the theoretical value of 1 x 
1014 (cm2/s) calculated by a Smoluchowski model and equation (3. 9). The results supported the model and 
suggested the importance of a non-covalent approach for improving the physical mobility of the redox sites 
to achieve the enhanced charge flux and energy density of the next generation, organic-based electrodes.  
 
In conclusion, it was proposed that a diffusion cooperated model to describe the charge transport process 
in non-conjugated redox-active polymers with the existence of electrolytes.  The model took account into 
the decrease of collision frequency of the redox sites bound to macromolecular chains. For the first time, 
the 103—4-fold decline of the bimolecular and heterogeneous charge transfer rate constants in the polymers 
was explained quantitatively. Also, the charge transportability was predicted by the physical diffusion 
coefficient of molecular chains, which was quantified by dynamic light scattering or an entangled polymer 
model. 
As a next-generation approach to achieve high charge transportability and energy density of organic-
based electrodes, use of low molecular weight gelators containing redox-active centers was proposed. 
Flexible molecular chains and noncovalently formed fibrils of the gelators yielded the high physical 
mobility of the redox species and bimolecular rate constants (kex,app ~ 107 M-1s-1), which were even 
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comparable to those of monomer solutions, whilst maintaining the high site density (CE > 1 mol/L). 
Synthesizing new supramolecules with the optimal design based on a more accurate charge transfer model 
considering the decoupled mobility of side and main chains,90,91 movement of compensating ions, solvent 
dynamics, molecular geometry, and electrode morphology will be future interest.  
 
3.5 Experimental Section 
Materials. Chloroform, acetonitrile, N-methylpyrrolidone, and tetrabutylammonium perchlorate were 
obtained from Sigma-Aldrich. 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was 
purchased from Tokyo Chemical Industry Co. P1c103, P1d81, and low molecular weight gelator (LMWG)100 
were prepared according to the previous procedures. All chemicals were used as received unless noted. 
 
Synthesis of P1a. Poly(TEMPO-substituted methacrylate)(P1a) was synthesized via free radical 
polymerization.39,104 The solution of 2,2,6,6-tetramethyl-4-piperidyl methacrylate (4.1 g, 18 mmol, Tokyo 
Chemical Industry Co.) and 2,2'-azobisisobutyronitrile (0.02 g, 0.12 mmol, recrystallized from methanol, 
Tokyo Chemical Industry Co.) in dehydrated benzene (15 mL) was bubbled with nitrogen gas for 30 
minutes. The polymerization was conducted at 60 oC for 20 hours. The obtained polymer was precipitated 
in hexane and dried in vacuum (yield: 78%, 3.2 g). The obtained precursor polymer (1.0 g) dissolved in 
tetrahydrofuran (25 mL) was oxidized by excess amount of m-chloroperoxybenzoic acid (3.8 g, containing 
ca. 30 wt % water, Kanto Chemical Co.) by vigorously stirring for 6 hours at room temperature to obtain 
P1a. The product was precipitated in hexane and washed with acetonitrile to remove low molecular weight 
fractions. The polymer was dried in vacuum oven at room temperature for a day.  The molecular weight 
of the polymer was determined by size exclusion chromatography (Mn = 1.3 x105, Mw/Mn = 1.9). Spin 
concentration was estimated by SQUID (0.83 spins per repeating unit). 
 
Synthesis of P1b. Poly(TEMPO-substituted glycidyl ether)(P1b) was synthesized according to the 
previous report105 with modification. Polymerization was conducted in a glove box to avoid side reactions 
by oxygen and water. To 1 M hexane solution of diethylzinc (2.0 mL, Tokyo Chemical Industry Co.), 
equivalent amount of H2O (36 µL, 2 mmol) was added. The mixture was vigorously stirred to give the 
yellow dispersion. The prepared catalyst (10 mol %) was introduced to the molten monomer106 (8 g, 35 
mmol) at 100 oC. After vigorously stirring at 100 oC for 5 hours, the resulting red solid was washed by 
methanol and chloroform. Oligomers were removed by Soxhlet extraction using chloroform. The product 
was dried under vacuum (yield: 71%, 5.7 g). The polymer was insoluble in common organic solvents such 
as acetone, acetonitrile, and chloroform. Spin concentration was estimated by SQUID (0.93 spins per 
repeating unit). 
 
Electrode preparation. Radical polymers were ground in a motor with chloroform to obtain the dispersion. 
N-methylpyrrolidone was used for P1d as the solvent. 2 mg/mL of the polymer dispersion was repeatedly 
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(10 l x 6 times) drop-casted on glassy carbon substrates at 80 oC. To prepare the LMWG-mixed hybrid 
electrodes, 2 mg/mL of the gelator solution in acetonitrile (heated at 80 oC) was repeatedly drop-casted on 
polymer electrodes. The typical area and thickness of the polymer electrode was 0.25 mm and 10 m, 
respectively. 
 
Measurements. Electrochemical measurements were conducted with three electrode system. An Ag wire 
and a Pt wire were used as a reference and a counter electrode, respectively. 0.5 M tetrabutylammonium 
perchlorate dissolved in acetonitrile was used as the electrolyte solution for the electrochemical 
measurements unless otherwise noted. Solartron 1287 was employed as a potentiostat. Zetasizer Nano ZS 
(Malvern Instruments) was used for dynamic light scattering. SQUID (Quantum Design MPMS SQUID-
VSM magnetometer) was used for the determination of radical spin concentration. Molecular weight of the 
polymer was measured by size exclusion chromatography (TOSOH, HLC-8220, polystyrene standard) 
using tetrahydrofuran as the eluent. Swelling ratio was estimated by measuring the volume of the polymer 
before and after swelling in acetonitrile. 
 
Electrochemical analyses. To estimate the diffusion coefficient for charge transfer, the results of 
chronoamperometry was analyzed by Cottrell equation (3. 18).65 
 𝑖 = 𝑛𝐹𝐶E(𝐷𝑒𝑡 (𝜋𝑡)⁄ )
1/2 (3. 18) 
 (i: current density, n: number of electrons for the reaction, and t: time) 
 
The standard rate constant, k0, was calculated from the peak separation (Δ𝐸p) of cyclic voltammogram and 
method of Nicholson. 
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4.1 Introduction 
Dynamic control of self-assembled structures of molecules is among the most important challenges for 
achieving the phenomenal functionality of natural compounds.1–4 Liquid crystals, which are representative 
examples of molecules with self-organized structures, have attracted significant attention as optical 
components, conductive materials, and actuators, among many other uses, owing to their high regularity 
and softness.5–10 In particular, emerging liquid crystal electrolytes with low-dimensional ion conduction 
pathways show high anisotropy of ion conduction.5–8 New functions have been developed (or are expected) 
for energy devices such as secondary batteries, electrochromic devices, and solar cells.5–8 However, those 
liquid crystals have been used in only steadily aligned states regardless of their inherent fluidity. Dynamic 
control of such self-organized structures can contribute to unprecedented, novel functionalities of such soft 
materials. 
In this chapter, the alignment of liquid crystal electrolytes was cooperatively switched by reversible 
charging/discharging reactions of organic radical-substituted polymers. 
 
4.2 Dynamic Switching of Ionic Conductivity of Nematic Liquid Crystal Electrolytes by 
Polyviologen 
Herein the author reports a new technique of dynamically switching the ionic conductivity of liquid 
crystal electrolytes by cooperatively controlling the redox reaction of polyviologen (PV)11 to induce the 
alignment of the liquid crystal electrolyte containing nematic liquid crystal 4-cyano-4'-pentylbiphenyl 
(5CB) and ionic liquid 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB) which exhibits the 
anisotropic ionic conductivity. The bulk ionic conductivity of the device was reversibly tuned along the 
charge/discharge reactions by changing the alignment of the liquid crystals. High conductivity was achieved 
during the charging/discharging reactions, but low conductivity was obtained only after the completion of 
the charge (Figure 4. 1). The highly conductive state during the redox reaction should result in quick 
responses of the devices, and the lower conductivity that emerge only in the fully charged state should 
suppress the undesired self-discharging induced by the shuttle processes of the ionic species.12,13 
 
Figure 4. 1 Dynamic switching of ionic conductivity by cooperative interaction of 
polyviologen and nematic liquid crystal. 
 
It was expected that the alignment of 5CB could be in principle controlled by adjusting the force balances 
of (a) the electric field of the double layer in the vicinity of the electrode and (b) the Van der Waals force 
between the polyviologen and 5CB. When PV is in the dicationic state, the perpendicular alignment of 5CB 
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should be induced because of the electrostatic interaction between the dipole moment of 5CB (dielectric 
anisotropy  = +13)14 and the diffusion layer’s electric field originated from the densely populated charge 
on the polyelectrolyte. On the other hand, when PV was one-electron reduced with each redox moiety, the 
Van der Waals force between the PV and 5CB would become dominant and then induce the planar alignment 
of liquid crystals. The surface driven switching of liquid crystals by tuning the balance of electric double 
layer and Van der Waals force described above was preliminary studied by Abbott’s group, but they 
examined only the cases and mechanisms of self-assembled monolayers of ferrocene or redox-inactive 
compounds for optical applications.14,15 The present thesis will be the first to successfully use the redox 
polymers and the liquid crystal electrolytes for the dynamic tuning of ionic conductivity enabling the 
efficient charge storage. 
Assuming Boltzmann distribution, the absolute electric field in a double layer can be written by an 
exponential form, 𝜙0/𝜆𝐷𝑒𝑥𝑝(− 𝑥 𝜆𝐷⁄ ) (𝜙0: zeta potential, 𝜆𝐷: Debye length, and x: distance from the 
substrate).16 The electric field at the substrate for liquid crystal orientation should range from 10-5 to 101 
V/m with typical electrochemical parameters: 𝜙0~0-100 mV and 𝜆𝐷~10-1000 nm (Figure 4. 2).
15,17 
 
Figure 4. 2 Estimated electric field at the electrolyte-substrate interface with a series of Debye length. 
 
A series of ionic liquids and conventional supporting electrolytes were mixed with 5CB, and the tendency 
of homeotropic alignment on ITO substrates were examined in symmetric sandwich cells (Table 4. 1 and 
Figure 4. 3). 
 
Table 4. 1 Alignment of 5CB with series of electrolytes (‘+’ and ‘-’ symbol exhibit 
homeotropic and planar alignment, respectively) 
 
0 mM 10 mM 20 mM 35 mM 70 mM
EMIM FAP - + + + + 0.78
BMPL FAP - + + + + 0.65
EMIM TCB - - - + + 0.64
BMPL TCB - - - - + 0.66
TMP TFSI - - - - + 0.27
BMPL TFSI - - - - - 0.36
TBA BF4 - - - - - 0.14
TBA ClO4 - - - - -
b
-
b
a
Measured with comb-shaped electrodes at 70 mM and 40
o
C, 
b
Insoluble.
Electrolyte
Homeotropic alignment Conductance
(mS/cm)
a
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Electrolyte 
Concentration (mM) 
10 20 35 70 
EMIM FAP 
    
BMPL FAP 
    
EMIM TCB 
    
BMPL TCB 
    
TMP TFSI 
    
BMPL TFSI 
    
TBA BF4 
    
TBA ClO4 
   
Insoluble 
Figure 4. 3 Alignment of liquid crystal electrolytes against ITO substrates. 
 
 Common ionic liquids such as 1-ethyl-3-Methylimidazolium tetrafluoroborate (EMIM BF4) or 1-butyl-
3-methylimidazolium hexafluorophosphate (BMIM PF6) were not miscible with 5CB presumably because 
of rather hydrophilic characteristics of anions. Homeotropic alignment against ITO was achieved with 
higher concentration of electrolytes containing specially hydrophobic anions FAP, TCB, and TFSI.18–20 
Ionic liquids with higher tendency for homeotropic alignment (i.e., FAP and TCB salts) exhibited higher 
ionic conductivity and lower nematic-isotropic transition temperature compared to other electrolytes 
(Figure 4. 4). Ionic conductivity was measured at 40 oC, which was higher than those of the phase transition 
with the 70 mM salt conditions and therefore enough to induce the isotropic phases (as a matter of fact, all 
electrolytes exhibited completely clear color suggesting the isotropic phase at the temperature). The effect 
of anisotropic ion conduction can be ignored by measuring at the isotropic phases. It was assumed that 
hydrophobic ionic liquids dissociate at high decree in 5CB, and it should result in the enhancement of (a) 
the electric field in diffusion layer inducing homeotropic alignment, (b) high ionic conductivity, and (c) 
decrease of the transition temperature because of the insulation of electrostatic interaction between liquid 
crystals. 35 mM EMIM TCB in 5CB was selected as an electrolyte for the electrochromic cell because it 
exhibited the most favorable property for switching alignment of liquid crystals along with 
charging/discharging. If the tendency for homeotropic alignment was too high (i.e., 75 mM), 5CB always 
aligns homeotropically even after charging of polyviologen because of the excess strength of electric field 
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in the double layer, and the opposite occurs with electrolytes showing the lower tendency for homeotropic 
alignment. 
 
 
 (a) 5CB   (b) EMIM FAP + 5CB 
 
  (c) EMIM TCB + 5CB  (d) TBA BF4 + 5CB 
 
      (e) Phase transition temperature 
Figure 4. 4 Thermal properties of liquid crystal electrolytes. (a)-(d) DSC thermograms scanned at 10 oC/min 
measured by Q200 (TA Instruments). Endothermic and exothermic peaks at 25-40 oC should correspond to 
those of the phase transition. Endothermic peaks at 17 oC can be assigned to melting of 5CB electrolytes, 
and peaks at 24 oC with the TBA BF4 conditions should be originated from dissolving of the salts. (e) 
Nematic-isotropic transition temperature of the electrolytes estimated by DSC thermograms. 
 
The electrochromic device was fabricated using a spin-coated PV layer on an ITO substrate as the 
electrochromic electrode, ATO nanoparticles on an ITO as the capacitive counter, and 35 mM EMIM TCB 
in 5CB as the electrolyte solution. EMIM TCB was selected because it exhibited higher tendency for 
homeotropic alignment compared to former reported common electrolytes including tetrabutylammonium 
tetrafluoroborate (TBABF4) (Table 4. 1).14 The reversible electrochromic response was observed by 
applying constant voltages to the device (Figure 4. 5). 
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Figure 4. 5 UV-Vis spectra of the electrochromic device. Solid line (black): -2.5 V, dashed line (red): 2.5 V. 
 
The polymer layer in the discharged dicationic state was transparent at 0 and 2.5 V vs. the capacitor 
electrode but turned to red at -2.5 V by the reduction into the charged cationic state. The results suggested 
the reversible redox reactions of PV between the dicationic and cationic states. Simultaneously, the dynamic 
alignment changes of 5CB were observed accompanied with the redox reactions (Figure 4. 6). Polarized 
light microscopy observation showed the homeotropic alignment in the dicationic state and planar or tilted 
alignment in the cationic state. In the former state, the strongly charged surfaces of both PV and the metallic 
oxide (ATO, counter electrode)21 have certainly induced the strong electric field of the double layer at the 
surfaces, and caused homeotropic alignment. On the other hand, the planar or tilted alignment in the cationic 
state should be induced by dominantly affecting Van der Waals force between PV and liquid crystals after 
the decrease in the polymer charge by the reduction of the dication to the cation. 5CB molecules close to 
the counter electrode seemed to always align perpendicularly against the substrate as expected for the 
absence of substantial redox reaction at the surface.14  
 
Figure 4. 6 Polarized light microscopy of the electrochromic device. Inset: conoscope observation. The 
cross-shape indicates homeotropic alignment of liquid crystals. 
 
Dynamically switching the alignment of the liquid crystal along with the redox reactions enabled both 
quick charging/discharging and suppression of self-discharging. For comparison, the author used 1000 mT 
of external magnetic field induced by neodymium magnets to always homeotropically align 5CB against 
substrates.22 The significant difference in ionic conductivity was observed between the planar (8.25 x 10-6 
S∙cm without magnet) and homeotropically aligned (8.70 x 10-6 S∙cm with magnet) conditions after 
charging (Figure 4. 7(a)). The difference in the resistivity was calculated to be 6300 ∙cm and the ratio was 
1.05, which was slightly lower than the original anisotropic ratio of the electrolyte (1.13 in Figure 4. 8) 
presumably because 5CB always aligned perpendicularly in the vicinity of the counter ATO electrode. The 
rate of the self-discharging was successfully reduced with the planar alignment condition compared to the 
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homeotropic state (Figure 4. 7(b)). Open circuit potentials differed up to 200 seconds and the result 
suggested that the low ionic conduction of the electrolyte with the planar alignment efficiently suppressed 
the unfavorable self-discharging reactions with the ionic species. 
 
Figure 4. 7 (a) Electrochemical impedance spectra of the electrochromic device at -2.5 V (106 to 5 x104 Hz, 
AC amplitude 10 mV). (b) Open circuit potential of the device after charging at -2.5 V. (c) Time 
dependences of the absorbance at 530 nm and current density applied at -2.5 V, and (d) 2.5 V. The magnetic 
field (1000 mT) was applied to induce the homeotropic alignment (dotted line). 
 
Figure 4. 8 Electrochemical impedance spectra of 35 mM EMIM TCB in 5CB solution with planar and 
homeotropic alignment (106 to 5 x104 Hz, AC amplitude 10 mV). Ionic conductivity of the electrolyte was 
measured by sandwiching it with ITO substrates. Planar alignment was induced by applying 1000 mT 
magnetic field. Conductivities were calculated to be 1.48 x10-5 and 1.66 x10-5 S/cm for planar and 
homeotropic alignment, respectively (ratio: 1.13). 
 
After 200 seconds, the alignment of 5CB changed from planar to homeotropic, and no significant 
difference was observed between the conditions with or without the external magnetic field. The alignment 
changed from homeotropic to planar should be caused by the self-discharging of the polymer surface. The 
use of liquid crystal electrolytes with even higher anisotropic ionic conductivity will more efficiently 
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suppress the unfavorable self-discharging reactions. No significant difference in the response rate was 
observed for the charge/discharge reactions between the dynamically changed alignment in the absence of 
the magnet and permanently homeotropically aligned conditions using the magnet (Figure 4. 7 (c) and (d)). 
Both devices turned on in 15 seconds, and decolored in 300 seconds. Since the alignment of 5CB was 
homeotropic except for the fully charged state, the high ionic conductivity during the charge/discharge 
processes seemed to enable the fast response rate as high as that of the permanently homeotropic conditions 
with the magnet. The slower responses for decoloring than coloring should be caused partially by the dense 
stacking of viologen cations.23  
 
4.3 Surface-grafted Poly(TEMPO-substituted norbornene) Brush as a Versatile Layer 
to Switch Liquid Crystal Electrolytes 
In this section, the author proposes a technique to switch the orientation of nematic and chiral nematic 
liquid crystal electrolytes, which proceeds simultaneously with the redox reactions of the surface-grafted 
polymer brushes (Figure 4. 9(a)). A chiral nematic liquid crystal phase characterized by a helical structure 
of self-assembled molecules displays interesting optical properties, including light reflection with 
wavelength selectivity and circular polarization.24–26 The helical structures are applied to optical filters, 
displays, lasers, and even metamaterials.24–26 
Control of alignment is more challenging for chiral nematic phases than for normal nematic phases. 
Orientation of the nematic phases is easily switched by application of an external magnetic or electric field, 
utilizing the anisotropic electromagnetic properties of the liquid crystal molecules.27 However, the helical 
structures of the chiral nematic phases are normally broken when an electromagnetic field is applied (i.e., 
the cholesteric-nematic transition, Figure 4. 9(b)).27 
The present study focuses on “command surface” switching of nematic liquid crystals to maintain the 
original helical structure. In the neutral state of the redox sites, planar alignment is obtained due to the van 
der Waals force between the polymer electrode and the liquid crystal. However, after oxidation/reduction 
of the redox-active moieties, homeotropic alignment can be observed because of the electrostatic interaction 
between the dipole moment of the liquid crystal and the electric field in the double layer, which is formed 
in the vicinity of the electrically charged polymer electrode.  
Although previously reported switchable liquid crystals have been limited to only nematic phases, this study 
revealed that even the alignment of chiral nematic phases could be controlled using redox-active polymer 
brushes. In contrast to the conventional method, the helical structures of the chiral phase were maintained 
even when an external voltage was applied, because the electric field existed only in the vicinity of the 
electrodes due to the presence of electrolyte ions and the electrical double layers. Furthermore, the required 
voltage (2 V) to induce the electrochemical reaction and switching was substantially lower than that of the 
conventional method (101-2 V), which is favorable for low-power devices. 
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(a)                      (b) 
Figure 4. 9 (a) Surface-driven switching of chiral nematic liquid crystals by radical polymers. (b) 
Cholesteric-nematic transition induced by external electric field. 
 
A redox-active polymer, poly[2,3-bis(2′,2′,6′,6′-tetramethylpiperidin-1′-oxyl-4′-oxycarbonyl)-5-
norbornene] (PTNB), was grafted onto an indium tin oxide (ITO) glass substrate by surface-induced ring-
opening metathesis polymerization (ITO-g-PTNB, Scheme 4.1).  
 
Scheme 4.1 Preparation of surface-grafted PTNB. 
 
Use of the third-generation Grubbs catalyst enabled the precise synthesis of PTNB by living 
polymerization.28 The surface grafted polymer showed the same spectroscopic characteristics as the 
conventional polymer prepared by homogenous polymerization in solution,28 strongly suggesting the 
successful completion of the reaction. The decreased roughness of the substrate after the polymerization 
suggested dense grafting of the radical polymer chains (Figure 4. 10). 
 
Figure 4. 10 AFM height images of (a) ITO, (b) ITO-NB, and (c) ITO-g-PTNB. 
 
The obtained polymer brush provided highly reversible redox waves at 0.35 V (vs. 
ferrocene/ferrocenium) in an acetonitrile solution of tetrabutylammonium perchlorate with a three-
electrode system (Figure 4. 11(a)). The peak separation was less than 10 mV even at a relatively high scan 
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rate of 10 mV/s for a polymer layer.28 The remarkably fast charge mediation throughout the brush polymer29 
provided a Nernstian adsorbate-like bulk layer as an electrode. In contrast, in case of the spin-coated 
polymer layer, the monolayer response was observed at only sufficiently slow scan rates (< 1 mV/s),28 
probably because of the different molecular architecture and charge transport properties. It should be noted 
that precise control of the electric charge throughout the polymer layer is crucially important for the 
switching of liquid crystals because the alignment is determined by the surface charge of the polymer 
electrode. The obtained electrode capacity of 0.11 mC/cm2 for the polymer brush layer corresponded to the 
introduction of approximately 7 redox sites per 1 nm2 of electrode area, suggesting the successful surface 
grafting of the polymer. 
 
Figure 4. 11 (a) Cyclic voltammogram of ITO-g-PTNB measured in 0.1 M n-C4H9NClO4 in acetonitrile; 
scan rate, 10 mV/s. (b) Polarized light microscopy (POM) of a chiral nematic liquid crystal (EMIM 
TCB/5CB/CI = 0.7/100/0.25 (mol/mol/mol) cell. (c) POM of a liquid crystal cell without chiral inducer. 
Inset: Conoscope image. The cross-shape indicates the homeotropic alignment. 
 
Next, a two-electrode cell was fabricated, which consisted of the ITO-g-PTNB electrode as the working 
electrode, a double-layer capacitor electrode as the counter electrode, and a chiral nematic liquid crystal as 
the electrolyte. The electrolyte solution was a mixture of a typical nematic liquid crystal, 5CB with positive 
dielectric anisotropy, an ionic liquid, EMIM TCB, and a chiral inducer (CI)30 (Figure 4. 12). Polarization 
microscopy suggested that planar alignment of the liquid crystals was achieved in the neutral states of the 
polymer because of the van der Waals force (0 or -2 V, Figure 4. 11). In contrast, when 2 V was applied to 
the cell, a fingerprint texture of the chiral nematic phase was observed, meaning that the orientation was 
switched by 90° (i.e., homeotropic alignment of the liquid crystal molecules against the substrate). The 
oxidized and cationic TEMPO moieties in the polymer induced the formation of an electrical double layer 
in the vicinity of the electrode to vertically align the liquid crystals. Likewise, the redox-induced switching 
was achieved with the nematic liquid crystal phase, supporting the versatility of the technique. The time 
required for switching was within several seconds. The remarkably fast charge transport throughout the 
polymer enabled such rapid switching of the surface charge and liquid crystal alignment. The homeotropic 
alignment was maintained even with an open circuit (i.e., bistable) because of the stable doped state of the 
polymer and the retention of the surface charge.  
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Figure 4. 12 Structures for a chiral nematic liquid crystal electrolyte. 
 
Finally, the display characteristics of the chiral nematic cell were examined. By increasing the amount of 
the chiral inducer from 0.25 to 8 mol %, the spiral pitch decreased to the order of 102 nm and selective 
reflectivity of visible light was achieved. The color of the liquid crystals changed from blue to red 
continuously depending on the cell temperature and the chiral pitch (Figure 4. 13(a)).11 The redox reaction 
of the polymer switched the direction of selective reflection. In the neutral state of PTNB (0, -2 V), the 
liquid crystal was oriented in a planar direction. Therefore, light perpendicularly incident on the cell was 
reflected with wavelength selectivity (Figure 4. 13(b)). However, in the cationic state, the light was no 
longer reflected because the alignment of the liquid crystals was rotated by 90°. This should be the first 
such report of an electrochemical, surface-driven switching of the chiral nematic phase. 
 
Figure 4. 13 (a) Reflectance of a chiral nematic liquid crystal cell measured at -15, -10, -5, 0, 5, and 10 °C. 
Inset: Photograph of the cell at -15, 0, 10 °C. (b) Reflectance of the cell with planar and homeotropic 
alignment of the liquid crystals at 0 °C. The electrolyte was EMIM TCB/5CB/CI = 0.7/100/8 (mol/mol/mol). 
 
4.4 Command Surface of Smectic Liquid Crystals with Two-dimensional Ionic 
Conducting Pathways 
In this section, the alignment of smectic liquid crystal electrolytes was cooperatively switched by 
reversible charging/discharging reactions of organic radical-substituted polymers (Figure 4. 14).28,31–35 In 
the discharged state of a radical polymer, liquid crystal electrolytes are aligned horizontally with respect to 
the polymer layer because of the Van der Waals forces (Figure 4. 14(a)). The high conductivity of the 
electrolyte by the self-assembled ion conducting pathways, aligning vertically to the substrate, facilitate 
rapid electrochemical reaction. After the polymer electrode was fully charged, the liquid crystals 
cooperatively switched to homeotropic alignment, which resulted in a remarkable suppression of ion 
movement in the vertical direction, thus preventing unfavorable self-discharging reactions (Figure 4. 14(b)). 
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       (a)       (b) 
Figure 4. 14 Schematic diagram for reversible switching of smectic liquid crystal electrolytes triggered by 
reversible redox reactions. 
 
A charge storage device like a secondary battery was fabricated using poly(TEMPO-substituted glycidyl 
ether) (PTGE)36 as a cathode, polyviologen as an anode, and a mixture of smectic liquid crystal (LC1) and 
4 mol % lithium trifluoromethanesulfonate as a liquid crystal electrolyte (smectic-isotropic transition 
temperature: 65 oC, Figure 4. 15).37  
   
(a) LC1 (b) LC2 (c) LC3 
Figure 4. 15 DSC curves for liquid crystal electrolytes measured by a Q200 instrument (TA Instruments). 
(a) 4 mol % LiTf in LC1. (b) 4 mol % EMIM TCB in LC2. (c) 1.4 mol % EMIM TCB in LC3. Scan rate, 
10 °C/min. 
 
A series of electrochemical measurements were conducted to elucidate the effects of liquid crystal 
alignment on the electrochemical properties of PTGE. Smectic liquid crystals LC2 and LC3 were also tested 
as controls (Figure 4. 16(a)). 
 
   (a)                          (b) 
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Figure 4. 16 (a) Structure of smectic liquid crystals LC2,3. (b) Schematics for the ion conduction within 
the mixture of LC1-3 and electrolyte salts. 
 
The carbonate-capped liquid crystals represented by LC2 were reported to exhibit high anisotropy of ionic 
conductivity and enhanced chemical stability under oxidizing conditions.6,8 The alkyl-cyanobiphenyl 
design of LC3 is typical for liquid crystals.38,39 For ionic conductivity measurement, liquid crystal 
electrolytes LC1-3 were sandwiched between polyimide-coated or bare ITO substrates to align the liquid 
crystals in planar or homeotropic directions, respectively. All the POM images showed that alignment was 
controlled by the surfaces of the substrates (Figure 4. 17). Ionic conductivity was estimated via AC 
impedance measurement for each category of alignment (Figure 4. 18). A series connection of RC 
components was used to simulate the equivalent circuit. LC2 exhibited a high anisotropic ratio of / = 
270 similar to that of LC1 thanks to the self-assembled ion conducting pathways (Table 4. 3).6,8,37 In contrast, 
LC3 gave a ratio of only 0.7 because it lacked self-assembled ion pathways. Electrolyte ions moved in the 
same direction as liquid crystal molecules easily in the case of LC3. 
 
 
[Planar] 
 
[Planar] 
 
[Planar] 
 
[Homeotropic] 
 
[Homeotropic] 
 
[Homeotropic] 
 
(a) LC1 (b) LC2 (c) LC3 
Figure 4. 17 POM images for LC1-3 sandwiched between polyimide (planar alignment) or ITO substrates 
(homeotropic alignment). Insets: Conoscope images. 
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(a) Planar (b) Homeotropic 
Figure 4. 18 Nyquist plots for LC1-3 with planar and homeotropic alignment (106 to ca. 104 Hz).  
 
A radical polymer with a polyethylene oxide backbone was selected due to its high affinity for organic 
electrolytes.36 The brilliant color change of polyviologen between its dicationic (transparent) and cationic 
(red) states enabled the device to also function as an electrochromic cell (Figure 4. 19).  
   
(a) LC1 (b) LC2 (c) LC3 
Figure 4. 19 UV-vis spectra of charge storage devices measured in the charged and discharged states. 
 
The mixture of LC1 gave the anisotropic ratio of / = 2200 for ion conduction by virtue of the two-
dimensional ion conducting pathways (Figure 4. 18).37 Polarized optical microscopy images of the cell 
meant that the liquid crystals aligned horizontally in the discharged state of PTGE (0 V, Figure 4. 14(a) and 
Figure 4. 20(a)). However, after applying 1.5 V to the cell, the alignment changed to homeotropic (Figure 
4. 14(b)). The applied voltage was larger than the redox potential difference between PTGE and 
polyviologen (~1.1 V11,36). The homeotropic alignment was induced by the electrostatic interaction between 
the polycation and ionic species in the liquid crystal electrolytes. The liquid crystal was temporarily heated 
to the isotropic phase to change the alignment. The switching was completely reversible even after repeated 
charging/discharging cycles. 
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Figure 4. 20 (a) Polarized optical microscopy of an electrochromic cell. Inset: Conoscope image. The cross-
shape means the homeotropic alignment. (b) Electrochromic responses (absorbance at 530 nm). (c) Self-
discharging phenomena. (d) Photographs of the cells left for 3 h after charging at 1.5 V (for the photograph, 
liquid crystals were aligned homeotropically by mechanical switch. See supporting information for further 
discussion). 
 
The alignment of the liquid crystals was sensitive to the oxidation state of PTGE. Liquid crystal 
electrolytes were sandwiched between PTGE layers in a series of oxidation levels (Figure 4. 21). The 
mixing ratio of normal and chemically oxidized PTGE was adjusted to change the oxidation level. 
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Figure 4. 21 POM images for LC1-3 sandwiched between PTGE layers in a series of oxidation states. 
Insets: Conoscope images. 
 
Nearly 100% oxidation was required for homeotropic alignment, which meant that the direction change 
occurred only after fully charging the device. The high threshold level was favorable for device performance 
because the highly conductive planar state was maintained during charging and discharging reactions at 
oxidation levels of less than 100%. The threshold level could even be tuned by adjusting the concentration 
of ionic species was discussed with nematic liquid crystals.  
Polyviologen layers were revealed to induce homeotropic alignment of LC1-3 due to the dicationic (or 
cationic) states of the redox sites (Figure 4. 22). Therefore, the liquid crystals may have always been 
vertically aligned near the viologen electrode in the electrochromic cells. 
   
LC1 LC2 LC3 
Figure 4. 22 POM images for LC1-3 sandwiched between polyviologen layers. Insets: Conoscope images. 
 
The cooperative changes in alignment contributed to a significant improvement in the electrochromic 
cell response rate and charge retention. The time for decoloring was shortened by a factor of 4 in the case 
of planar alignment because of the higher ionic conductivity of the electrolyte (Figure 4. 20(b)). In contrast, 
homeotropic alignment significantly increased the charge retention time (Figure 4. 20(c,d)). The decreased 
conductivity of the electrolyte inhibited the movement of oxygen and other ionic species involved in the 
self-discharging reactions.13 The homeotropic alignment was maintained throughout the self-discharging 
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process. Such a memory effect for the orientation is favorable for long charge retention because planar 
alignment results in faster self-discharge. 
 
The carbonate-capped LC2 did not align against the PTGE layer at the oxidation level of 100% 
presumably because of weaker electrostatic interactions with the polyelectrolytes (Figure 4. 21). The 
threshold level was only 60% for LC3 due to the stronger tendency for vertical orientation. Further 
understanding of such molecular interactions will be the subject of future work. In addition to the ‘chemical 
switch’ as described above, simply pushing the substrates of the fabricated cells in a vertical direction was 
found to be enough to induce the homeotropic alignment for LC1-2 (“mechanical switch”). 
LC1-3 were aligned homeotropically by chemical and mechanical switching in electrochromic cells 
(Figure 4. 23). In the case of chemical switching, defects in liquid crystal alignment due to non-uniformity 
of electrode geometry, chemical reactions, and other factors are more likely to occur. In contrast, mechanical 
switching gave a more uniform vertical orientation over a wider area and gave a larger change in electrolyte 
resistance for LC1. Therefore, unless stated otherwise in the following discussion, LC1-2 were vertically 
aligned by mechanical switch and LC3 was vertically aligned by chemical switch. 
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(a) LC1 (b) LC2 (c) LC3 
Figure 4. 23 Nyquist plots for charge storage devices at charged and discharged states (106 to ca. 102 Hz). 
 
The cyclic voltammograms for LC1-3 indicate that the change in ionic conductivity was critical for 
electrochemical performance (Figure 4. 24). Significantly larger peak separations and smaller current 
densities with homeotropic alignment were caused clearly by the lowered ionic conductivity of the 
electrolytes in the case of LC1-2. These two liquid crystal electrolytes also showed the same tendency with 
respect to the response rate and charge retention time in each alignment (Table 4. 3). However, 
cyanobiphenyl liquid crystal, LC3, gave almost identical redox waves and response rates regardless of the 
alignment, due to there being little anisotropy in ion conductivity.  
 
Figure 4. 24 Cyclic voltammograms of charge storage devices with (a) LC1, (b) LC2, and (c) LC3, scanned 
at 1 mV/s. (d) Schematics for charge transfer in radical polymers facilitated by electron self-exchange 
reactions.  
 
The apparent heterogeneous electron-transfer rate constant, k0app, and electron self-exchange rate 
(a) LC1     (b) LC2 
(c) LC3           (d) 
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constant, kex,app, two of the most important rate constants for redox species, were determined for PTGE with 
each liquid crystal and alignment (Figure 4. 24(d), Table 4. 2, electrochemical methods are shown below). 
The electron self-exchange rate constant, kex.app, was estimated using the Dahms-Ruff equation (Dapp = kex.app 
2C*/6, where  is the site distance and C* is the concentration of redox species in PTGE).28,40 Although 
the measurements were not conducted in a three-electrode system (e.g., Ag/Ag+ as a reference and platinum 
as a counter electrode), where a more accurate estimation could be expected, the data estimated by the two 
methods were similar and suggested the evaluation was valid, at least semi-quantitatively. Three-electrode 
configuration is inappropriate in this study because the use of additional reference and counter electrodes 
would disturb the order of the liquid crystals. 
The constants obtained for LC1-3 were about 103 times lower than those for conventional electrolytes 
such as acetonitrile solution.28 The high viscosity of the liquid crystal electrolytes lowered the rate 
constants.41 The greater rate constant of LC3 compared with those of LC1-2 can also be explained by the 
viscosity of the electrolytes (i.e., transition temperature of LC3 was 34 °C, whereas that of LC1-2 was 
~70 °C). 
Table 4. 2 Estimated kinetic parameters for charge storage devices. 
 Method  LC1 LC2 LC3 
Ionic conductivity 
(10-4 S/cm) 
 Planar  2.2 0.68 0.025 
EIS Homeotropic 0.0010 0.0025 0.036 
 Ratio 2200 270 0.70 
Heterogeneous 
electron-transfer rate 
constant 
k0app (10-8 cm/s) 
 Planar  6.5 4.7 44 
EIS Homeotropic 0.35 2.3 64 
 Ratio 19 2.1 0.70 
 Planar  220 110 110 
Chronoamperometry Homeotropic 10 5.7 130 
 Ratio 22 20 0.84 
Diffusion coefficient 
Dapp (10-14 cm2/s) 
 Planar  2.8 1.3 2.7 
EIS Homeotropic 0.17 1.1 3.9 
 Ratio 17 1.2 0.69 
 Planar  5.8 10 77 
Chronoamperometry Homeotropic 0.48 0.21 120 
 Ratio 12 48 0.66 
Electron self-exchange 
rate constant 
kex,app (1/M∙s) 
 Planar  7.7 3.6 7.4 
EIS Homeotropic 0.46 2.9 11 
 Ratio 17 1.2 0.69 
 Planar  16 28 210 
Chronoamperometry Homeotropic 1.3 0.59 320 
 Ratio 12 48 0.66 
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Impedance spectroscopy (EIS): 
Electrochemical impedance spectra were measured at a series of DC bias voltages for each device and 
alignment (Figure 4. 25). The spectra were analyzed using Randles circuit with a constant phase element.16 
An additional RC circuit was connected in series in the case of homeotropic alignment owing to the 
emergence of semicircles that originated from electrolyte resistance. The diameters of the capacitive 
semicircles corresponding to heterogeneous charge transfer resistance, Rct, changed along with the applied 
voltage of E – E1/2. The exchange current density, i0, was calculated from Rct and equation (4.1)16 (Figure 
4. 26). Fitting of the experimental results with equations (4.2) and (4.3) led to the determination of k0app. 
To evaluate Dapp, the diffusive response for low frequency at a voltage of E = E1/2 was analyzed by Warburg 
impedance.42 
[Planar] 
 
[Planar] 
 
[Planar] 
 
[Homeotropic] 
 
[Homeotropic] 
 
[Homeotropic] 
 
(a) LC1 (b) LC2 (c) LC3 
Figure 4. 25 Dependence of charge transfer resistance, Rct, on applied DC voltage, E (ca. 103-10-1 Hz). 
 
𝑖0 = 𝑅𝑇 (𝑅ct𝐴𝑛𝐹)⁄       (4.1) 
𝑖0 = 𝑛𝐹𝑘app
0 (𝐶𝑜)
1−𝛼(𝐶𝑅)
𝛼     (4.2) 
𝐸 − 𝐸1 2⁄ = 𝑅𝑇 (𝑛𝐹)⁄ 𝑙𝑛 𝐶𝑂 𝐶𝑅⁄      (4.3) 
(R: gas constant; T: temperature of the system; A: electrode surface area; n: number of moles of electrons; 
F: Faraday constant; k0app: rate constant for heterogeneous electron transfer; CO: concentration of oxidized 
species; CR: concentration of reduced species; : transfer coefficient)  
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(a) LC1 (b) LC2 (c) LC3 
Figure 4. 26 Dependence of exchange current density, i0, on applied DC potential, E with planar (red line) 
and homeotropic (blue line) alignment. Dashed lines show the fitted results. 
 
Chronoamperometry: 
To estimate the diffusion coefficient, the relationship between current density i and time t during 
chronoamperometry was analyzed by the Cottrell equation (4.4) assuming that semi-infinite diffusion 
occurred at the early stage of electrolysis (Figure 4. 27).16,43 
𝑖 = 𝑛𝐹𝐷1 2⁄ 𝐶∗ (𝜋1 2⁄ 𝑡1 2⁄⁄ )     (4.4) 
(i: current density; C*: initial concentration of reduced species; t: time.) 
   
(a) LC1 (b) LC2 (c) LC3 
Figure 4. 27 Cottrell plots for the charge storage devices after applying a potential pulse from 0 to 1.5 V 
with planar (red line) and homeotropic (blue line) alignment. Dashed lines show the experimental results. 
 
The heterogeneous rate constant was evaluated by analyzing the initial current density, it=0, during 
measurements at a series of applied voltages and using equations (4.5) and (4.6) (Figure 4. 28).16 
𝑖𝑡=0 = 𝑛𝐹𝑘𝑓𝐶
∗      (4.5) 
ln𝑘𝑓,𝑎𝑝𝑝 = ln𝑘𝑎𝑝𝑝
0 − 𝛼𝑛𝐹 (𝑅𝑇)⁄ (𝐸 − 𝐸1/2)   (4.6) 
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(a) LC1 (b) LC2 (c) LC3 
Figure 4. 28 Dependence of kf on applied DC voltage. 
 
In the case of LC1-2, both constants, k0app, and, kex,app, for planar alignment were 10- to 50-fold those for 
homeotropic alignment, which should be related to the anisotropic ratio of the electrolytes. The difference 
in mobility of charge compensating anions for PTGE definitely contributed to the switching of k0app and 
kex,app by the alignment change. Note that the switching ratio of the kinetic constants is not necessarily the 
same as that of ionic conductivity (/ > 200) because the electrochemical reactions occurred not in the 
liquid crystal phases, but in the swollen polymers where anisotropy was not likely to exist in the 
surroundings.28 In contrast to LC1-2, the rate constants for LC3 were a little different (0.6‒0.9) as a result 
of the alignment change, which is explained by the small anisotropic ratio of ionic conductivity, / = 
0.7, for LC3. The change in ionic conductivity contributed to the differences of response and charge 
retention time (Table 4. 3). 
 
Table 4. 3 Properties for charge storage devices with liquid crystal electrolytes 
 LC1 LC2 LC3 
Chemical switch Yes No Yes 
Mechanical switch Yes Yes No 
Parameters Planar 
Homeo
tropic1 
Ratio Planar 
Homeo
tropic1 
Ratio Planar 
Home
otropic
2 
Ratio 
Ionic conductivity 
(10-4 S/cm) 
2.2 
0.001
0 
2200 0.68 0.0025 270 0.025 0.036 0.70 
Response time (min)3 15 119 7.9 16 26 1.6 1.1 0.9 0.81 
Charge retention (h)3 3.7 14 3.8 2.3 17 7.4 9.3 2.4 0.26 
1Aligned by mechanical switch. 2By chemical switch. 3Figure 4. 20, Figure 4. 29, Figure 4. 30, Figure 4. 
31. 
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(a) LC 1 (b) LC2 (c) LC3 
Figure 4. 29 Electrochromic characteristics of the charge storage devices (absorbance measured at 530 nm). 
 
   
(a) LC1 (b) LC2 (c) LC3 
Figure 4. 30 Open circuit voltage and absorbance (530 nm) of the devices after constant potential charging. 
 
Just after coloring 
  
 
3 hours later 
Shown in 
Figure 2(d) 
 
 
 (a) LC1 (b) LC2  
Figure 4. 31 Photographs of electrochromic devices to compare self-discharging behaviors. 
 
4.5 Experimental Section 
4.5.1 Materials and procedures for section 4.2 
Materials. 4-cyano-4'-pentylbiphenyl (5CB) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 
were obtained from Tokyo Kasei Co. ATO particles were purchased from Sigma-Aldrich Japan. 
Poly(vinylidene fluoride) (PVdF), was purchased from Kureha Chemical Co. Ionic liquids and supporting 
electrolytes 1-ethyl-3 methylimidazolium tris(pentafluoroethyl)trifluorophosphate(EMIM FAP), 1-butyl-1-
methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate(BMPL FAP), 1-ethyl-1-
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methylpyrrolidinium tetracyanoborate(EMIM TCB), 1-butyl-1-methylpyrrolidinium 
tetracyanoborate(BMPL TCB), tributylmethylphosphonium Bis(trifluoromethanesulfonyl)imide(TMP 
TFSI), 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide(BMPL TFSI), 
tetrabutylammonium tetrafluoroborate(TBA BG4), tetrabutylammonium perchlorate(TBA ClO4), and other 
chemicals were provided by Merck, Sigma-Aldrich Japan, and Tokyo Kasei Co.  
 
Synthesis of polyviologen (PV). The polymer with tosylate salts was synthesized according to the previous 
procedure.11 Then the counter ions were exchanged to hydrophobic TFSI in order to improve the affinity 
with 5CB and the response rate as the electrochromic devices. The aqueous solution of the polymer (2.07 
g, 4.0 mmol) was dropped into excess amount of 2.0 M LiTFSI in water. The mixture was stirred for 2 h at 
room temperature. The precipitated product was dissolved in acetone, and the solution was re-precipitated 
in water. The polymer PV was obtained after drying under vacuum overnight at room temperature as the 
amber adhesive solid (87% yield). 
 
Fabrication and measurement of the electrochromic device. The electrochromic electrode was prepared 
by spin-coating 5 wt% acetone solution of PV on an ITO substrate at 1500 rpm for one minute, and drying 
it under vacuum overnight. The counter electrode was prepared by the same procedure as electrochromic 
one using 2.5 wt% N-methylpyrrolidinone dispersion of ATO/PVdF = 95/5 (wt/wt) at 800 rpm (one minute) 
and then 2000 rpm (two minutes). The cell was fabricated by combining electrochromic and counter 
electrodes with a conventional hot-melt adhesive (thickness: 50 m) followed by injecting electrolytes. 
Electrochemical characteristics were measured by a conventional potentiostat (PGSTAT 128N, 
AUTOLAB). Polarized optical microscopy and UV-Vis measurement were conducted by BX53 OLYMPUS 
and USB4000-UV-VIS Ocean Optics, respectively. Nematic-isotropic transition temperature of electrolytes 
were measured by differential scanning calorimetry (Q200 TA instrument). Measurement was conducted at 
room temperature. 1000 mT of external magnetic field was applied by sandwiching the cell with two 
conventional neodymium magnets (500 mT) obtained from KENIS LIMITED. 
 
4.5.2 Materials and procedures for section 4.3 
Materials. [Bicyclo[2.2.1]hept-5-en-2-yl]triethoxysilane, tetrabutylammonium perchlorate (n-
C4H9NClO4), dehydrated acetonitrile, dichloromethane, and toluene were purchased from Tokyo Kasei Co. 
All chemicals were used as received. Non-grafted, poly[2,3-bis(2′,2′,6′,6′-tetramethylpiperidin-1′-oxyl-4′-
oxycarbonyl)-5-norbornene] (PTNB) and its monomer were prepared according to the previous report.28 
Chiral inducer (CI) was synthesized based on a literature procedure.30  
 
Measurements. All measurements were done at room temperature unless stated otherwise. X-ray 
photoelectron spectroscopy (XPS) was performed using a JPS-9010TR (JEOL) spectrometer. Infrared 
reflection absorption spectroscopy (IRRAS) was undertaken using a JASCO FT IR 6100 instrument and a 
RAS PRO 410-H spectrometer. A conventional potentiostat (AUTOLAB PGSTAT 128N, Metrohm) was 
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used for electrochemical measurement. Polarized optical microscopy and UV-VIS spectroscopy were 
performed using a BX53 OLYMPUS system and a USB4000-UV-VIS Ocean Optics system, respectively. 
AFM images were obtained using a Nanoscope III Digital Instruments system. For the three-electrode 
system, Pt and Ag wires served as the counter electrode and pseudo-reference electrode, respectively. The 
typical fabrication procedure for the two-electrode cell was as follows: an ITO-g-PTNB substrate and a 
capacitive counter electrode were configured in sandwich form using a hot melt spacer with a thickness of 
50 m. A mixture of EMIM TCB/5CB/CI = 0.7/100/0.25 (mol/mol/mol), serving as electrolyte, was then 
injected into the device. Finally, the cell was sealed with a UV-cured resin. Liquid crystal switching was 
done at room temperature. 
 
Synthesis of ITO-g-PTNB. A precursor, [bicyclo[2.2.1]hept-5-en-2-yl]triethoxysilane modified indium tin 
oxide (ITO-g-NB), was prepared by silane coupling. The plasma treated ITO substrate was immersed into 
a 10 mM solution of coupling agent in toluene. After reaction for 2 h, the excess amount of solution was 
removed. The substrate was heated at 120 °C for 30 min to complete the reaction, and then repeatedly 
washed with toluene to remove unreacted reagents. The substrate was dried under vacuum and kept under 
an inert atmosphere. XPS (eV): 102 (Si, 2p), 284 (C, 1s), 443 (In, 3d5/2), 532 (O, 1s). IRRAS (cm-1): 1676 
(C=C), 2975 (C-H). Contact angle of water was 80o. 
A surface-grafted polymer, ITO-g-PTNB, was synthesized by ring-opening metathesis polymerization of 
the norbornene monomer using the third-generation Grubbs catalyst in an argon-filled glove-box. The ITO-
g-NB substrate was then immersed in a 10 mM solution of the catalyst in dichloromethane for 10 min to 
prepare the metal complexes. The substrate was next washed with dichloromethane to remove the catalyst. 
The polymerization was conducted in a 50 mM solution of monomer in dichloromethane for 30 min. The 
product was repeatedly washed with dichloromethane and dried under vacuum. XPS (eV): 284 (C, 1s), 400 
(N, 1s), 443 (In, 3d5/2), 532 (O, 1s). IRRAS (cm-1): 1175 (C-O), 1732 (C=O), 2975 (C-H). Contact angle of 
water was 65o. For the control measurement, the spin-coated layer of non-grafted PTNB provided the same 
peak positions as ITO-g-PTNB for XPS and IRRAS (contact angle of water: 70o). 
 
4.5.3 Materials and procedures for section 4.4 
Materials. PTGE,36 chemically oxidized PTGE,44 LC1,37 and LC28 were synthesized according to previous 
reports. The polyimide layer was formed after the condensation reaction of pyromellitic dianhydride and 
4,4’-oxydianiline.37 LC3 (8CB) was obtained from the Kanto Chemical Co. Other chemicals were 
purchased from Tokyo Kasei Co., Sigma-Aldrich Japan, or Kanto Chemical Co, and used as received. 
To prepare liquid crystal electrolytes, 4 mol % lithium trifluoromethanesulfonate (LiTf, Tokyo Kasei 
Co.), 4 mol % EMIM TCB, and 1.4 mol % EMIM TCB were added to LC1-3, respectively. LiTf was 
reported to exhibit high anisotropic ionic conductivity when mixed with LC1.37 Similarly, EMIM TCB gave 
excellent miscibility and conductivity when added to aromatic liquid crystals, and was selected as the 
electrolyte salt for the mixture of LC2-3. The concentration of the electrolyte salt in LC3 was reduced to 
1.4 mol % because the excess addition of EMIM TCB induced an unfavorable decrease in the phase 
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transition temperature (i.e., less than room temperature). The liquid crystal electrolytes exhibited transition 
(smectic-isotropic or nematic) temperatures of 65 °C, 71 °C, and 34 °C for LC1-3, respectively. 
 
Fabrication of charge storage devices. PTGE solution (0.5 wt %) in chloroform was spin-coated on ITO 
substrates at 1500 rpm to obtain the cathodes. The electrodes were vacuum dried. The electrode thicknesses 
were 10‒20 nm as measured by a KLA Tencor profilometer. Cells were sealed under an ambient atmosphere 
using conventional hot-melt adhesive with a thickness of 15 m. The electrode area was set to 0.5 cm2 for 
AC impedance measurement. Electrochemical responses were measured using a conventional potentiostat 
(PGSTAT 128N, AUTOLAB) at room temperature unless stated otherwise. Polarized optical microscopy 
(POM) was performed using a BX53 OLYMPUS system using a conventional hot stage. UV-Vis spectra 
were measured by a USB4000-UV-VIS Ocean Optics spectrometer.  
Before measurements, the cells were thermally annealed at the temperature of the isotropic or nematic 
phases of the LC electrolytes, and cooled at a rate of about 50 °C/min. Chemical switching of the liquid 
crystals was conducted by the same annealing process. The mechanical switch was effected by pushing the 
fabricated cells repeatedly. 
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5.1 Introduction 
Redox-active polymers have been attracting considerable attention as the key components of various 
energy related devices such as charge storage devices, displays, memories, and solar cells due to their 
splendid electrochemical characteristics.1–8 In particular, electrochromic (EC) polymers represented by 
polyviologens, polythiophenes, and metallopolymers show high contrast accompanied with reversible 
redox reactions.8–17 The polymers were studied as the candidates for wet-processable18 materials for 
displays and smart windows. The EC materials usually retain their coloring states even under the open 
circuit condition, enabling the low power consumption characteristics (i.e., memory effect), which is a 
significant contrast to liquid crystal and organic light-emitting diode displays.9,10,19 The absorption 
wavelength was tuned by introducing substituent to redox-active units, changing conjugation length, and 
substitution of heteroatoms or metals in case of polythiophenes and metallopolymers.10–14 Such color 
tunability and the potentially high reflectance of the EC cells (> 70%)20,21 could be regarded as one of the 
important advantages against conventional electronic papers (e-papers).22–24 Still, the color of the 
polyviologens have been limited to typically violet whilst tuning of chemical structures was common with 
the low molecular weight compounds.10,25–30 
Fabrication of high-resolution, multicolor displays by cost-effective processes is one of the major 
challenges left in EC technologies. Unlike organic light-emitting diodes and e-papers, the full-color, high 
pixel EC displays have been hardly ever achieved.20–22,31,32 An active matrix type EC display using 
polythiophene derivative printed on a thin film transistor (TFT) substrate was recently reported (typical 
configuration shown in Figure 5. 1(a)).32 However, forming EC materials only on each pixel electrode of a 
TFT substrate requires fine printing or complicated etching processes which are cost-ineffective. The 
configuration may not be even appropriate for preparing small pixels of EC electrodes (e.g., pixel size was 
centimeter scale in the reported device32). 
As a significant alternative to the conventional configuration of EC displays, a new simple structure with 
an EC layer formed on the opposite side of the TFT substrate has been recently proposed (Figure 5. 
1(b)).20,21 The configuration gave remarkable advantages over conventional one: the highest reflectance of 
light beyond 70% was achieved for electrochromic cells due to the smaller loss of stray light in the device. 
Sub-millimeter pixels were easily realized without etching the EC materials. Further, a full color display 
was also fabricated by using a tandem EC layers. However, the most serious problem of the configuration 
is that unexpected pixel smudging tends to occur in the region where no voltage is applied. The smudging 
seems to be caused by charge transport through the EC materials to the open circuit part, but the reason for 
bleeding and the countermeasure have not been revealed yet, which prevented the wide commercialization 
of the EC displays. 
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(a) 
 
(b) 
Figure 5. 1 Schematics for electrochromic displays installed with TFT substrates and smudging 
phenomenon. Vi2+ and Vi+∙ stands for dicationic and cationic states of viologen units, respectively. 
 
In this chapter, polyviologen with methyl groups introduced in bipyridine rings was firstly synthesized 
(Scheme 5.1). The introduction of methyl groups shifted the color of the polymer from purple to blue due 
to the conformation change of the redox units. Further, tuning of -stacking between bipyridine moieties 
increased the response rate by a factor of > 10. A series of electrochemical analysis also clarified that the 
smudging in Figure 5. 1(b) was caused by the charge transfer via ITO substrate, and use of alkylbenzene 
compounds was effective for the suppression. These findings will contribute to the realization of high 
resolution and full color EC displays which are wet-processable. 
 
Scheme 5.1 Synthesis of polyviologen 1 and 2. 
 
5.2 Synthesis of Dimethyl-Substituted Polyviologen and its Electrochemical 
Characteristics 
As electrochromic polymers, polyviologen 1 and 2 with polyethylene glycol backbones were synthesized 
by Menschutkin reaction in high yield (> 90%, Scheme 5.2). Polyviologen 1 and 2 consist of normal and 
dimethyl-substituted bipyridine units as redox centers, respectively. Synthesis of polyviologen having 
substituent on bipyridine groups, such as polymer 2, seems to be the first attempt so far, and its 
electrochromic characteristics have not yet been clarified. 
 
Scheme 5.2 Synthesis of polyviologen 1 and 2. 
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To elucidate the electrochemical responses of 1 and 2, both polymers were spin-coated on ITO substrates 
and then measured by cyclic voltammetry. The electrodes showed reversible redox waves at E1/2 = -0.69 V 
(1) and -1.2 V (2) vs. Ag/AgCl, corresponding to the redox between the cationic and dicationic states of the 
bipyridine units (Figure 5. 2(a)). Dimethyl-substituted polyviologen 2 gave 0.5 V lower redox potential 
compared to 1. The difference in the geometry of bipyridines in the cationic radical states must have 
contributed to the potential shift as discussed in the next section. Charge transfer processes via electron 
self-exchange reaction in polyviologen layers were analyzed by potential step chronoamperometry (Figure 
5. 2(b)).7,33 The estimated diffusion coefficients, D, for charge transport were 0.24 x 10-10 and 1.8 x 10-10 
cm2/s, for 1 and 2, respectively. The constants were comparable to the previously reported polyviologens 
(10-10 cm2/s).7 The different molecular geometry of 1 and 2 must have contributed to the difference in 
diffusion coefficient. 
 
(a) 
 
(b) 
Figure 5. 2 (a) Cyclic voltammograms for thin layers of 1 and 2. Scan rate was 50 mV/s. (b) 
Cottrell curves for 1 and 2. A potential pulse from -1.2 to 0 V vs. Ag/AgCl was applied. 1 M 
LiTFSI aqueous solution was used as electrolytes. 
 
Next, the molecular structures of polymer 1 and 2 were analyzed using DFT calculation to estimate their 
charge transport properties. For simplicity, the methyl viologen structures in vacuum were calculated 
(Figure 5. 3). In the dicationic states of 1 and 2, the pyridine rings twisted more than 45 degrees because of 
the steric interaction.34 On the other hand, completely different molecular geometry was observed between 
the radical cationic states of 1 and 2. Unsubstituted bipyridine 1 gave a structure in which two pyridine 
rings are arranged in a plane due to the increase in -conjugation and the tendency to form the quinoid 
structure.34 The planar geometry of 1 induced strong stacking between the bipyridines (-dimerization)34–
36 and must have reduced the mobility of the solvent molecules and compensating ions among polymer 
chains. In contrast, the methyl-substituted pyridine rings 2 were still twisted by 60 degrees because of the 
strong steric hindrance by methyl groups, which inhibited the quinoid structure and -stacking of the redox 
units. Such contrasting electrostatic interaction between the bipyridine rings contributed to the difference 
in charge transport properties of 1 and 2. Further, the hindrance in polymer 2 must have reduced the heat 
of formation of the cationic species and thus shifted the redox potential to lower. 
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Figure 5. 3 Estimated molecular structures for 1 and 2 in dicationic and cationic states of bipyridine units. 
DFT calculation was used for structure optimization. 
 
The conformation difference of the pyridine rings in 1 and 2 also gave significant influences on the 
electrochromic properties. Electrochromic cells were prepared by sandwiching thin layer electrodes of 
polyviologen and electric double-layer electrodes as counters. The polyviologens gave reversible coloring 
and decoloring by applying -2.5 and 2.5 V, respectively (Figure 5. 4). Both polymers 1 and 2 were 
transparent with dicationic states (2.5 V) but showed purple and blue in cationic states (-2.5 V), respectively. 
The twisting of pyridine rings in 2 shifted the absorption wavelength. Almost the same coloring time was 
obtained for 1 and 2, which was comparable to previously reported polyviologen based electrochromic 
cells.8 On the other hand, the decoloring time of 2 (9 seconds) was 13 times faster than that of 1 (116 
seconds). The excessively strong -stacking between the bipyridine units in 1 must have suppressed the 
penetration of counter ions into polymers and thus reduced the decoloring rate as an electrochromic cell. 
Tuning of electrochromic properties of polyviologens by controlling intermolecular stack is certainly the 
first report so far. The approach is widely applicable to optimizing absorption wavelength, response rate, 
and driving voltage for EC polymers. 
 
(a) 
 
(b) 
Figure 5. 4 (a) UV-Vis spectra for the viologen polymers with cationic states. (b) Response rate for 
coloring/decoloring (absorbance at 520 and 420 nm for 1 and 2, respectively). Electrolyte solution was 35 
mM EMIM TCB in 5CB. 
 
5.3 Electrochromic Responses of Polyviologens with Ionic Liquid Electrolytes 
To fabricate electrochromic display with pixels based on the schematic in Figure 5. 1, as a preliminary 
step, the author evaluated the cells in which the left half of the counter electrode was etched (Figure 5. 5). 
Chapter 5 
126 
 
In this configuration, the electrochemical reaction could proceed preferentially only in the right half region 
to which the voltage was applied. Electrical charge of the polymer must not propagate to the left half, open 
circuit region to achieve high-resolution of the devices. Here, polyviologen 1 was applied as the 
electrochromic polymer (2 was also tested in the last section). When 1 M LiCF3SO3 in -butyrolactone 
(GBL) was applied as one of common electrolyte solutions, the coloring reaction even progressed to the 
open circuit region after applying the voltage in 30 seconds. It was suspected that bleeding was caused by 
(1) electron self-exchange in the polymer and/or (2) charge transfer through the ITO substrate (Figure 5. 
5(b)) because they were the main processes for organic-based electrodes.6  
 
(a) (b) 
Figure 5. 5 (a) Photograph of an electrochromic cell with smudging phenomenon. -2.5 V was applied in a 
red dashed rectangle area for 30 seconds. 1 M LiCF3SO3 in GBL was used as electrolyte solution. (b) 
Structure of an electrochromic device with a partially etched counter electrode. 
 
To further understand the fringing effect, the static field distribution in an electrochromic cell with a 
partially etched counter electrode (cell structure shown in Figure 5. 5(b)) was calculated (Figure 5. 6). For 
simplicity, ITO layers and the electrolyte region were assumed to be metallic and dielectric, respectively. 
The existence of polymer and ATO layers were ignored. A conventional simulation program (LISA 8.0.0, 
Sonnenhoff) was employed for the finite element analysis of the static field. The potential of 0 and -2.5 V 
was applied for the counter and electrochromic sides, respectively. The anisotropy of the liquid crystal 
electrolytes (5CB and MBBA) could be ignored for the static field calculation (i.e., may not play an 
important role to explain the experimental results) because smudging was suppressed by even using an 
isotropic organic solvent (7BN) as an electrolyte. 
On the facing region of the etched ITO substrate (part A in Figure 5. 6), a nearly uniform relative electric 
field intensity |E| ~ 20 was observed in a similar way to plate capacitors. The slightly smaller intensity (|E| 
= 5−15) was also observed in the vicinity of part A due to the so-called “fringing effect” 37 (0 < x < 70 m, 
part B) whilst the intensity reached almost zero at x > 70 m (part C). 
The calculation suggested that the “fringing effect” of the static field could induce the pixel smudging 
on the order of tens of micrometers in the device, but could not be the main reason for the experimentally 
observed smudging on the several millimeter order. 
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Figure 5. 6 Heat map of the relative electric field intensity in the partially etched electrochromic cell. 
 
To elucidate the unintended charge transfer processes causing bleeding phenomenon, the electrochromic 
devices were fabricated with the following two special structures (Figure 5. 7). The first was a configuration 
in which the ITO substrate on the left side of polymer was etched, and the second was in which the polymer 
region was partially removed. In the former case, smudging was induced only by (1) self-electron exchange 
reaction in the polymer because the left side of ITO substrate was etched. In the latter case, only (2) charge 
transfer via ITO contributed to bleeding due to the partial removal of polymer. Bleeding was not observed 
in the configuration in which ITO was etched (Figure 5. 7(a)), meaning that the electron self-exchange 
reaction was not the main reason for smudging. The charge transportable length by the polyviologen, 
typically expressed by (Dt)0.5 = 0.5 m (t: time, here t = 100 seconds was used for instance),6 was 
sufficiently smaller than the bleed scale (millimeter) and was consistent with the result. On the other hand, 
in the case where the polymer was partially etched, coloration was observed even in the open circuit region, 
clearly showing that the smudging was caused by the charge transport via ITO substrate. (Figure 5. 7(b)). 
 
(a) 
 
(b) 
Figure 5. 7 Photographs and structures of electrochromic cells with partially inhibited charge propagation. 
Charge transport through ITO substrate and polyviologen were inhibited in structure (a) and (b), 
respectively. Electrolyte solution was 1 M LiCF3SO3 in GBL. 
 
5.4 Controlled Charge Transport to Achieve High-resolution Displays 
Next, the author screened the electrolyte solution which could suppress charge transfer even via ITO, 
using the normal device configuration shown in Figure 5. 5 (Table 5.1, Scheme 5.3). Bleeding was 
suppressed by applying alkylbenzene compounds containing polar groups such as 4-cyano-4'-
pentylbiphenyl (5CB), 4-heptylbenzonitrile (7BN), N-(4-methoxybenzylidene)-4-butylaniline (MBBA) as 
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organic solvents with a small amount of ionic liquid, 1-ethyl-1-methylpyrrolidinium tetracyanoborate 
(EMIM TCB, 35 mM) (Entry 1-3, photograph shown in Figure 5. 10(a)). 5CB and MBBA have been 
reported as typical nematic liquid crystals38 whilst 7BN gave no anisotropy. EMIM TCB was selected as 
electrolyte salt due to its high miscibility with these solvents.  
In contrast, bleeding occurred when the salt concentration was too high or when the pristine ionic liquid 
was used as electrolytes (Entry 4-5). Further, when conventional organic solvents such as GBL and ethyl 
acetate were used, bleeding progressed regardless of the type and concentration (0 to 1 M) of the electrolyte 
salts (Entry 6-11). Poorly polar solvents like hexane and toluene were not miscible with EMIM TCB (Entry 
12-16). The results meant that the chemical structures of the organic solvents were critical to suppress the 
smudging. 
 
Table 5.1 Organic electrolytes used for smudging tests. 
Entry Solvent 
Electrolyte 
salt 
Concentration 
(mM) 
Suppression of 
smudging 
1 5CB EMIM TCB 35 Yes 
2 7BN EMIM TCB 35 Yes 
3 MBBA EMIM TCB 35 Yes 
4 5CB EMIM TCB 350 No 
5 - EMIM TCB - No 
6 GBL EMIM TCB 35 No 
7 GBL LiCF3SO3 1000 No 
8 GBL LiCF3SO3 10 No 
9 GBL - 0 No 
10 Ethyl acetate EMIM TCB 35 No 
11 Benzonitrile EMIM TCB 35 No 
12 Hexane EMIM TCB Immiscible - 
13 Toluene EMIM TCB Immiscible - 
14 Chlorobenzene EMIM TCB Immiscible - 
15 Dichlorobenzene EMIM TCB Immiscible - 
16 4-Pentylbiphenyl EMIM TCB Immiscible - 
 
 
Scheme 5.3 Chemical structures of organic solvent used for smudging test. 
 
For the elucidation of the factors contributing to the suppression of charge transfer through ITO, the ionic 
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conductivity and solvent viscosity of the electrolytes, and the exchange current density i0 of the EC 
electrodes were analyzed (Table 5.2). The representative cases in Table 5.1 were tested. Exchange current 
density was estimated by analyzing charge transfer resistance during AC impedance measurements (Figure 
5. 8). Ionic conductivity and viscosity gave no clear relationship with the smudging phenomena although 
the two factors normally affect the rate of electrochemical reaction.33,39 In contrast, significantly smaller 
exchange current density of 100 A was obtained in case of alkylbenzene compounds, which suppressed 
the smudging (Entry 1-2). The current was 103 times smaller than the other conditions. Since charge transfer 
to the open circuit region proceeded through the ITO substrate, small i0 must be necessary for the realization 
of pixels. It should be noted that fast response of the electrochromic devices could also be achieved even 
with the electrolytes of small i0 as demonstrated by the fast decoloring of polyviologen 2 (< 10 seconds, 
Figure 5. 4(b), Entry 1). Elucidation of the factors giving small i0 and fast response of the electrodes, taking 
into account the condition of inner Helmholtz layer and anisotropy of the field,40 are of future interest. 
 
Table 5.2 Electrochemical parameters for electrolytes solution and thin layer electrodes of 1. 
Entry Solvent 
Electrolyte 
salt 
Concentra
tion 
(mM) 
Ionic 
conductivity 
(mS/cm) 
Viscosity 
(mPa∙s)1 
i0 
(mA/cm2) 
Suppression 
of smudging 
1 5CB EMIM TCB 35 0.012 2538 0.00083 Yes 
2 7BN EMIM TCB 35 0.41 6 0.0074 Yes 
3 - EMIM TCB - 5.50 232 2.1 No 
4 GBL LiCF3SO3 1000 5.8 1.72 2.3 No 
5 GBL LiCF3SO3 10 0.95 1.72 1.4 No 
6 GBL - 0 - 1.72 - No 
1Viscosity without electrolyte salts. 2Nominal value by suppliers. 
 
 
(a) 
 
(b) 
Figure 5. 8 Nyquist plots for thin layer electrodes of 1 measured in a series of electrolytes shown in Table 
2. Electrodes were measured at a bias of E = E1/2 vs. Ag/AgCl. AC amplitude was 20 mV (Entry 1-2) or 5 
mV (Entry 3-5). Frequency range: ca. 104-100 Hz. 
 
The alkylbenzene electrolytes were effective for controlling charge transfer in electrochromic cells 
regardless of the type of polyviologen 1 or 2. High optical contrast and moderate cyclability (> 10) were 
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observed as EC devices (Figure 5. 9).  
 
   (a)                         (b) 
 
   (c)                          (d) 
Figure 5. 9 (a) Reflectance and (b) cycle performance of an electrochromic device consisting of 
polyviologen 1. (c) Reflectance and (b) cyclability of 2. 35 mM EMIM TCB in 5CB was used as an 
electrolyte. Measured absorbance was at 520 and 420 nm for 1 and 2, respectively 
 
To quantify the suppression effect of smudging, time evolution of coloring at spot A and B in Figure 5. 
10(a) was measured. Spot A was included in the region where the voltage was applied, and B was located 
ca. 1 mm away from the voltage application part. Increase in absorbance was observed at spot A, but no 
change was observed at B even after 150 seconds of the voltage apply. The resolution was even maintained 
after the power supply had been stopped (> 4 hours, Figure 5. 11). The results suggested that the 
electrochromic displays with high resolution of pixels (at least < 1 mm) could be easily fabricated by 
applying electrolytes with small i0 and TFT substrates as counter electrodes.  
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Figure 5. 10 (a) Photograph of electrochromic cells containing 35 mM EMIM TCB in 5CB as electrolyte 
solution. The cell configuration is shown in Figure 5. 5(b). (b) Time dependence of absorbance at spot A 
and B (wavelength: 420 nm). 
 
 
       (a)                                (b) 
Figure 5. 11 (a) Photographs of an electrochromic cell after coloring reaction. The cell was left at open 
circuit. The counter electrode was partially etched (configuration shown in Figure 5. 5(b)). (b) Absorbance 
(at 520 nm) change with time revolution at open circuit. The cell consisted of 1 as an EC layer and 35 mM 
EMIM TCB in 5CB as an electrolyte. 
 
In summary, polyviologen containing methyl groups in bipyridine rings was synthesized for the first time. 
DFT calculation showed that the twist angle of bipyridine in the radical cationic state was increased by the 
methyl groups and that such strain inhibited the -interaction between the viologen units. Such 
conformation change contributed to the shift of the absorption color from ordinary purple to blue and 13-
fold enhancement of response rate. Unintended smudging was successfully suppressed by controlling the 
charge transfer throughout the polymer electrode even if an unconventional, simple device configuration 
shown in Figure 5. 1(b) was applied, where a TFT functioned as the counter electrode. Use of alkylbenzene 
solvents as electrolytes reduced the exchange current of the polymer electrode by a factor of 1/1000 
compared to those of the normal electrolytes, inhibiting the unfavorable charge transfer via the ITO 
substrate. The findings can be versatilely used for synthesizing multicolor polyviologens with enhanced 
performances and the fabrication of EC displays with 102–3 m pixels.  
 
5.5 Experimental Section 
Materials. 4-Cyano-4'-pentylbiphenyl (5CB), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 
gamma-Butyrolactone (GBL), and lithium trifluoromethanesulfonate (LiCF3SO3) were purchased from 
Tokyo Kasei Co. Tetraethylene glycol di(p-toluenesulfonate) was obtained from Sigma-Aldrich. 1-Ethyl-
1-methylpyrrolidinium tetracyanoborate (EMIM TCB) was purchased from Merck. Other compounds were 
obtained from Tokyo Kasei Co., Kanto Chemical Co., or Sigma-Aldrich. All chemicals were used as 
received. Polyviologen 1 was synthesized according to the procedure in chapter 4. 
Synthesis of dimethyl-substituted polyviologen 2. Bipyridine precursor was synthesized according to the 
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reported procedure.28 A mixture of bipyridine (1.5 g, 8.0 mmol) and tetraethylene glycol di(p-
toluenesulfonate) (4.0 g, 8.0 mmol) was polymerized by stirring at 60 ° C for 25 minutes, 110 ° C for 70 
minutes, and 120 ° C for 120 minutes. The product was extracted by chloroform, washed by water, and 
reprecipitated to acetone several times. Finally, counter ion was exchanged by pouring the polymer solution 
into an excess amount of LiTFSI aqueous solution (5 eq) to obtain 2 as a brown viscous solid (92% yield). 
1H NMR (500 MHz; DMSO-d6):  9.24 (s, 2H, Ph), 9.07 (d, 2H, Ph), 8.15 (d,2H, Ph), 4.84 (br, 4H, N+-
CH2-), 4.00 (t, 4H, -O-CH2-), 3.62 (t, 4H, -O-CH2-), 3.52 (t, 4H, -O-CH2-), 2.21 (s, 6H, CH3). Mn = 3900. 
Mw/Mn = 1.3. Molecular weight was measured by size-exclusion chromatography (SEC, TOSOH HLC-
8220) using methanol/acetic acid = 7/3 (vol/vol) containing 0.5 M sodium acetate as eluent. Polyethylene 
oxide was used as standard. 
Measurements. All measurements were conducted at room temperature. Thin layer polymer electrodes and 
capacitive counter electrodes covered with ATO (antimony tin oxide) particles were prepared via spin-
coating according to the procedure in chapter 4. A platinum wire and Ag/AgCl wire were used as counter 
and reference electrodes, respectively. Before measurements, electrolyte solutions were degassed by 
nitrogen carefully to remove oxygen. 1 M LiTFSI aqueous solution was used as electrolyte solution for 
cyclic voltammetry and chronoamperometry. Cottrell plots were used to determine the diffusion coefficients 
for charge transfer in polymers 33,7. For AC impedance, capacitive semicircles of the obtained plots were 
analyzed by Randles circuits with constant phase elements to evaluate charge transfer resistance, Rct. 
Equation (5.1) was used to estimate exchange current density, i0.41 
1/Rct = (i0AnF)/(RT) (5.1) 
(A: electrode area, n: number of electrons for reaction, F: Faraday constant, R: gas constant, and T: 
temperature) 
Electrochemical cells were fabricated by sandwiching polymer and capacitive counter electrodes. 
Conventional hot melt spacers were used as sealing. Cell gap was approximately 50 m. Organic 
electrolytes with wider potential windows (typically > 3 V 42,43) were used for electrochromic cells. For 
electrochemical analyses, PGSTAT 128N (AUTOLAB) was employed as a potentiostat. UV-Vis 
measurements were conducted by USB4000-UV-VIS Ocean Optics. Potential of -2.5 or 2.5 V vs. counter 
electrode was applied for coloring or decoloring reactions, respectively. The electrochromic cells were 
photographed after applying -2.5 V for 30 seconds. Comb-shaped electrodes were used to evaluate ionic 
conductivity of electrolytes. Viscosity of electrolytes was measured by a vibro-viscometer (SV-1A A&D 
Corp.). 
Gaussian09 was employed for density functional theory (DFT) calculation. Molecular structures in vacuum 
were calculated at the B3LYP level of theory with 6-31G(d,p) basis set. 
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6.1 Introduction 
Organic light-emitting devices such as organic light-emitting diodes (OLEDs)1–6 and light-emitting 
electrochemical cells (LECs),7–10 typically consisting of ITO (indium tin oxide) anodes, active emitting 
layers, and metal cathodes, have been researched extensively for their use in lighting devices and flat panel 
displays. New low-cost, high efficiency organic lighting is in particularly high demand for environmental 
reasons. OLED lighting has already hit the market, whereas LEC lighting is still at the research and 
development stage. OLED lighting is the first area light source technology and, unlike the point-source 
lighting based on inorganic LEDs in wide use today, it is non-glaring.5 OLED technology is thus seen as 
having the potential to open up new markets for high efficiency lighting. However, reducing manufacturing 
costs is critical because most OLED lighting still costs too much for the average consumer. As S. Reineke 
points out, the only way that costs are likely to come down significantly is through the use of roll-to-roll 
fabrication methods.5 
Polymer LECs (PLECs) based on fluorescent conjugated polymers (FCPs) and ion conductors are among 
the most promising candidates for future lighting systems.7–13 PLECs have simple single-layer structures 
which can be fabricated using roll-to-roll methods, using solutions containing both FCPs and ion 
conductors.14–19 When an external voltage (𝑉a) higher than the threshold voltage (𝑉th = 𝐸g/𝑒 ∶  𝐸g is the 
band gap of the FCP and 𝑒 is the elementary charge) is applied between the electrodes, light is generated 
as a p-n or p-i-n junction is formed as a result of in situ electrochemical doping.7–10,20 PLECs have many 
other advantages, e.g., they can be fabricated using air-stable electrodes and thicker active layers.21 So in 
addition to having simple single-layer structures, their other advantages make PLECs particularly well-
suited to manufacturing by roll-to-roll methods. In addition, it has been reported that certain low-molecular-
weight compounds, such as pentacene, carbene and metal complexes, can be used to enable color tuning 
and improve efficiency.11,22–27 
Realizing high efficiency organic lighting will require more effective light out-coupling technologies.28–
36 This is because in conventional organic light-emitting devices, approximately 80% of the emitted light 
is optically trapped between the ITO and organic layers (ITO/organic modes) and in the glass substrate 
(substrate modes) and lost, and only around 20% of the emitted light can typically be extracted from the 
devices. In OLEDs, various approaches to enhancing out-coupling have been studied.28–35 However, there 
are issues of wavelength selectivity, non-Lambertian angular emission (i.e., the directional problem), and 
production cost with regard to application of these techniques. To address these issues, S. R. Forrest et al. 
developed highly efficient light extraction technologies using a sub anode grid.35 The author’s group, too, 
have developed efficient light extraction technologies using nano-sized quasi-periodic corrugated 
substrates.30,32,37,38 For instance, corrugated substrates for OLEDs were produced using buckling patterns 
formed spontaneously on poly(dimethylsiloxane), on which was deposited a thin aluminum film. These 
random corrugated patterns successfully extracted light without spectral or angular distortion, whereas 
conventional periodic gratings tended to have detrimental effects on the original emission properties.32 
However, this fabrication method is not compatible with roll-to-roll technology, which is key to producing 
large-size organic light emitting devices in high volumes at low cost. 
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In this chapter, the author discusses the large-size glass-type and film-type corrugated substrates for light 
extraction which are fabricated with industrial, mass-producible, roll-to-roll nanoimprinting 
technology.37,38 Further, these corrugated substrates have been used to fabricate highly efficient PLECs. 
The corrugated substrates effectively extract light from the devices without affecting the angular-dependent 
and wavelength-dependent emission characteristics. The author believes the research on corrugated PLECs 
has yielded a valuable solution for realizing next-generation lighting systems. 
 
6.2 Electrochemical Doping Process of Conjugated Polymers with a Corrugated 
Structure 
Two types of industrial large-size corrugated substrates, one film-based and the other glass-based, were 
fabricated using roll-to-roll nanoimprinting methods, by which it is possible to manufacture large-area 
substrates at high throughput.37,38 Figure 6. 1 shows a schematic of the fabrication process for each type of 
corrugated substrate, together with photographs of the substrates themselves. First a quasi-periodic nano-
pattern was produced by self-assembly of an ultra-high molecular weight polystyrene-block-poly(methyl 
methacrylate) (PS-b-PMMA) block copolymer in chloroform vapor. A hard mold replicating this quasi-
periodic nano-pattern, which has pitches corresponding to the wavelengths of visible light, was then 
produced by a nickel electroforming process. Using this hard mold, the film-type corrugated substrate was 
fabricated using an ultraviolet nanoimprinting roll-to-roll process. The film-type substrate was then used to 
fabricate a glass-type corrugated substrate, having a size of 0.45 m x 0.55 m, by replicating its quasi-
periodic nano-pattern on the surface of the glass via a nanoimprinting process. Finally, anodes were 
fabricated by sputtering ITO onto the film-type and glass-type corrugated substrates. The corrugated 
substrates have a total light transmittance of 82.5% with a haze of 7.4% and a sheet resistance of 14.4 /□ 
(glass-type). 
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Figure 6. 1 Schematic of fabrication process for film-type and glass-type corrugated substrates using roll-
to-roll methods, plus photographs of the substrates (‘BCP’ stands for block copolymer). 
 
To study how use of the corrugated substrates would affect LEC performance, sandwich-type devices 
were fabricated by spin-coating polymer layers on the glass-type corrugated ITO substrates, followed by 
vacuum deposition of aluminum (Figure 6. 2). 
 
Figure 6. 2 Structure of a corrugated LEC and an AFM image of a corrugated substrate. 
 
The polymer layer was a mixture of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] 
(MEH-PPV), serving as the FCP, and polyethylene oxide (PEO) containing potassium 
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trifluoromethanesulfonate (KCF3SO3), serving as the ion conductor.39–41 A weight ratio for MEH-
PPV/PEO/KCF3SO3 of 1/1.52/0.0723 was selected to give the device a fast response time (< 100-1 s), which 
was necessary to ensure reliable, quantitative measurements over a wide range of times and voltages. 
Surface analyses of the corrugated ITO substrate, active polymer layer, and aluminum using atomic-force 
microscopy (AFM) indicated that the corrugated geometry had been successfully maintained even after the 
steps of spin-coating of the polymer layer and aluminum deposition (Figure 6. 3). 
 
(a)    (b)     (c) 
Figure 6. 3 Surface analyses of (a) polymer and (b) aluminium layer by AFM measurements. Inset: FFT 
patterns. (c) Amplitude distributions for each layer (ITO: red, polymer: black, aluminium: blue). 
 
The standard deviations of corrugation amplitude in the ITO, active polymer layer, and aluminum 
surfaces were calculated to be 36 nm, 19 nm and 21 nm, respectively. The spin-coating reduced the 
roughness of the surface by approximately half (from 36 to 19 nm), owing to the wet nature of the process. 
Meanwhile, the deposition of aluminum increased the amplitude of the corrugation just slightly (from 19 
to 21 nm), a favorable result similar to one reported previously for OLEDs.32 Fast Fourier transform (FFT) 
patterns of the surfaces exhibited circular patterns, showing that the corrugated structures have 
characteristic wavelengths with wide periodic distributions and no preferred orientations, as shown in the 
insets of Figure 6. 3. 
Figure 6. 4(a) shows the current density-voltage-luminance (J-V-L) characteristics of the corrugated LEC. 
For comparison, a flat LEC without the corrugated substrate was also fabricated and evaluated. Both 
devices turned on at approximately 2.5 V, which is close to the value of 𝑉𝑡ℎ calculated from the 𝐸𝑔 of 
MEH-PPV (2.1 eV).42 The corrugated LEC exhibited stronger light-emission than the flat one over the 
entire scan range. The corrugated LEC reached a maximum luminance of 420 cd/m2 at 6 V, while a lower 
luminance (365 cd/m2) was obtained with the flat one. The higher luminance of the corrugated LEC can be 
mainly explained as the result of more effective extraction of light. In order to precisely evaluate the light-
extracting properties of the corrugated structure, the time-dependence of voltage and luminance were 
measured at a constant current density of 5 mA/cm2 (Figure 6. 4(b)). Both devices turned on quickly, and 
the operating voltage reached 2.7 ± 0.1 V for both devices. By the end of the test (300 s), the brightness of 
the corrugated LEC had reached 17 cd/m2, which was 50% higher than that of the flat one (11 cd/m2). Power 
and current efficiency were calculated to be 0.37 lm/W and 0.33 cd/A for the corrugated LEC, and 0.25 
lm/W and 0.22 cd/A for the flat one. The 50% improvement in luminance and efficiency, obtained at a 
constant current density, were clearly a function of the superior light-extraction properties of the corrugated 
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structure. 
 
   (a)    (b) 
Figure 6. 4 Device characteristics of corrugated (red, solid line) and flat LECs (black, dashed line). (a) Bias 
voltage vs. current density and brightness at a scan rate of 0.5 V/s. (b) Average voltage and luminance over 
time at constant current density (5 mA/cm2, n = 3).  
 
The corrugated geometry was also found to enhance light-emission without significant spectral or 
angular distortion (Figure 6. 5). Both devices exhibited spectra of nearly identical shape, with maximums 
at 590 nm,7 and the absolute intensity of electroluminescence of the corrugated LEC was roughly 50% 
higher in the wavelength range of 550–850 nm. Further, Lambertian behavior was observed in both devices. 
Such ideal light-extracting properties in LECs are a product of the directional randomness and quasi-
periodicity of the buckled patterns, as demonstrated in the previous research on OLEDs.32 
 
   (a)         (b)   (c) 
Figure 6. 5 Spectrum and angular characteristics of the devices at constant current density (5 mA/cm2). (a) 
Electroluminescence spectra with a corrugated structure (red, solid line) and a flat structure (black, dashed 
line). (b) Light intensity enhancement factor with a corrugated structure as a function of wavelength. (c) 
Normalized luminous intensity of the devices as a function of angle with a corrugated structure (red, solid 
line), a flat structure (black, dashed line), and a Lambertian emitter (blue, dotted line).  
 
To learn more about the electrochemical properties of LECs made with corrugated substrates, the DC 
bias voltage dependence of complex admittance was measured for both the corrugated and flat devices 
(Figure 6. 6). Complex admittance Y can be expressed by equation (6.1), where G is conductance, C is 
capacitance, and ω is angular frequency.43,44 
Y = G(ω) + iωC(ω)    (6.1) 
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   (a)     (b) 
 
   (c)      (d) 
Figure 6. 6 Frequency dependence of conductance for (a) corrugated and (b) flat devices, and capacitance 
for (c) corrugated and (d) flat devices at different bias voltages (0.0–4.0 V).  
 
Up to the threshold turn-on voltage (Vth) of 2.5 V, changes in applied DC voltage had little effect on 
conductance or capacitance in either device, which indicates that no doping is taking place. When the 
applied voltage exceeded the threshold Vth, dramatic spectral changes in G(ω) and C(ω) were observed, 
resulting from p-i-n junction formation that occurs through electrochemical doping of the MEH-PPV in 
both devices (for simplicity, the author will call these p-i-n junctions for the sake of discussion).43 It is 
worth noting that the conductance G(ω) of the corrugated device was nearly identical to that of the flat one 
in the range of 3.5 V to 4.0 V, suggesting that the intrinsic layer thickness L, which largely determines 
conductance, was similar in both devices.  
Using C(ω) at a frequency of 104 Hz (shown in Figure 6. 6), the intrinsic layer thickness L of a p-i-n 
junction can be calculated using the plate capacitor equation (6.2), where the capacitance Cpin of the p-i-n 
junction is approximated as C(104 Hz).43–45 
Cpin = εrε0A/L     (6.2) 
Here, the relative permittivity of the polymer(εr) was approximated to be the weighted average dielectric 
constant of MEH-PPV46 and PEO45 (4.53), where ε0 is the vacuum permittivity and A is the light emission 
area (0.09 cm2). This estimation will be valid only if the FCPs are highly doped and the conductivities of 
the p-doped and n-doped regions are very high.44,45 By contrast, if the FCPs are low-to-moderately doped, 
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the width calculated by equation (6.2) will include that of the neighboring less-conductive parts of both the 
p-doped and n-doped regions, which may lead to an overestimation of the intrinsic layer thickness.43 
Downward-convex curves were obtained in the vicinities of the minimums for both conditions (Figure 6. 
7). The expansion of the p-doped and n-doped regions through progressive doping clearly caused a thinning 
of the junction at the early stage (2.5–3.5 V), while further doping at higher voltage led to a thickening of 
the junction because of a shortage of dopant ions.43 The calculated junction width in the corrugated LEC 
(24–31 nm) was close to that in the flat one (33–36 nm) at 2.5–3.5 V, indicating that the intrinsic layers 
(which correspond to the light-emission region) were formed in almost the same manner in spite of the 
difference in the device structures. Thus, the corrugated substrates were shown to have the same effect as 
flat substrates in terms of the electrochemical characteristics of the LECs during light emission. 
 
Figure 6. 7 Estimated junction width and current density for corrugated (red, solid line) and flat (black, 
dashed line) devices at different DC bias voltages. 
 
In order to better understand the electrochemical doping and light-emitting behaviors in the active 
polymer layer, the electric field intensity distribution in the intrinsic layer was simulated based on Laplace’s 
equation (Figure 6. 8). 
 
Figure 6. 8 Calculated electric field intensity distributions in the intrinsic layer with (i) nonparallel 
sinusoidal, (ii) parallel sinusoidal, and (iii) flat structures, assuming that 4 V was applied to the upper and 
lower boundary. The average thickness of the layer was assumed to be 25 nm. 
 
Characterizing the electric field in this layer is important to gain a deeper understanding of such device 
characteristics as conductance, efficiency, and lifetime, because carrier recombination and light emission 
occurs in this region. Three different types of boundary conditions for the intrinsic layer were used for the 
calculations: (i) a nonparallel sinusoidal and (ii) parallel sinusoidal geometry for the corrugated LEC, and, 
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for comparison, (iii) a flat geometry for the conventional flat LEC. A nonparallel geometry (i) corresponds 
to cases in which the configurations of the upper and lower boundaries are identical to those of the 
Al/polymer layer and ITO/polymer layer interfaces, respectively, and a parallel structure (ii) corresponds 
to a uniform corrugated intrinsic layer having a constant thickness. A flat geometry (iii), which corresponds 
to normal, flat LECs, is commonly used for simulation of the electrochemical properties of flat LECs. Here 
it should be noted that, after successful formation of a p-i-n junction at V > Vth, the conductive p- and n-
doped regions can be approximated as being metallic (i.e., having constant potential in these regions) and 
the intrinsic layer as being dielectric, which enables reliable calculation of the electric field using Laplace’s 
equation. The electric field intensity |E| was calculated assuming that the applied voltage was 4 V, the 
average thickness of the dielectric (intrinsic) layer was 25 nm, and no electric charge existed. The simulated 
results (Figure 6. 8) indicated that the intensity |E| in the (i) nonparallel geometry ranged from 90 to 700 
V/μm whereas the (ii) parallel and (iii) flat geometries gave a nearly constant intensity |E| of 160 V/μm. 
The wide distribution of electric field intensity in the (i) nonparallel structure clearly results in abnormal 
electrochemical responses at high electric field strengths, including current leakage and decomposition of 
the materials, as well as non-uniform light emission due to the inhomogeneity of the electric field intensity. 
Meanwhile, the identical electrochemical responses observed in the (ii) parallel and (iii) flat structures are 
thought to be due to the fact that the field intensity is practically the same at every point in the intrinsic 
layer. It is thought that the experimental geometry of the intrinsic layer in the corrugated device can be 
approximated as being that of (ii) (parallel) rather than (i) (nonparallel). That is, the p-i-n junction is 
assumed to have a constant thickness even when the substrate has a corrugated geometry. The reasons are 
as follows: first, the similar electrochemical responses observed in the corrugated and flat LECs strongly 
suggest that the properties of their intrinsic layers are nearly identical. Second, simulations of LECs that 
factor in the effects of the ions show that the width of the intrinsic layer is basically independent of the 
thickness of the polymer layer.47,48 It should be said that the increase in area achieved using the corrugated 
geometry was calculated to be only +0.6%, which would be negligible in actual operation. 
One of the big advantages of a corrugated PLEC over a corrugated OLED is that the active light-emitting 
layer has a uniform thickness. Because the optoelectronic properties of OLEDs are highly dependent on the 
active layer thickness, current leakage is commonly observed even when the active materials are carefully 
formed by way of deposition.30 Therefore, OLEDs with corrugated substrates will not always perform 
reliably, even if they are solution-processed OLEDs, because of non-uniformity in the active layer thickness. 
On the other hand, LECs fabricated with corrugated substrates, which will have active layers of uniform 
thickness, are capable of stable operation. And because the polymer layer can be formed on the corrugated 
substrate using a solution-based process, which is compatible with roll-to-roll methods, it would be the first 
time that reliable, high-efficiency light-emitting devices could be fabricated by roll-to-roll processing. 
 
6.3 Light Emission of Poly(p-phenylene vinylene) Derivatives as Electrochemical 
Cells 
Hoping to fabricate highly efficient LECs using the corrugated substrates, the author selected as the FCP 
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a PPV-copolymer with a very high fluorescence efficiency, known as Super Yellow-PPV (SY-PPV).28,35,49 
An ionic conductor based on trimethylolpropane ethoxylate (TMPE) and KCF3SO3 was selected because 
PLECs made using a TMPE-based ionic conductor have been reported to show enhanced efficiency and 
long life (> 102 h).36,50 The slow response times (> 101-3 s) interfered with quantitative analyses of the 
devices, including measurements of luminance-voltage characteristics and complex admittance. Hence, the 
devices were measured only in constant current modes, in which the effects of the initial doping processes 
and other time-dependent characteristics could be minimized.39 
Figure 6. 9(a) and (b) show the changes over time in voltage and luminance for corrugated and flat LECs 
operated at constant current densities of 5 mA/cm2 and 50 mA/cm2, respectively.  
 
(a)        (b) 
 
 
       (c) 
Figure 6. 9 Constant current measurements for SY-PPV-based LECs with corrugated (red line) and flat 
structures (black line) at (a) 5 mA/cm2 and (b) 50 mA/cm2 (n = 3). (c) Photograph of LECs with the different 
structures. The devices were connected in series and a constant current of 50 mA/cm2 was applied to the 
devices. 
 
The response times of the corrugated LEC were slower than those of the flat one at both current densities. 
This may be due to differences in the electric field intensity distributions in the non-doped polymer layers 
in the corrugated and flat LECs. To check this, the author calculated the electric field intensities in cross 
sections of the polymer layers assuming that 4 V was applied to the upper and lower polymer layers, namely 
the Al/polymer and ITO/polymer interfaces, and an electric charge of zero. In the initial period of operation, 
the existence of a charge can be ignored because no carriers have migrated and been injected in the system. 
Like the simulation of the MEH-PPV-based LECs, two types of boundary conditions were adopted for the 
calculations: (i) nonparallel sinusoidal and (ii) flat geometry (Figure 6. 10). The nonparallel structure (i) 
corresponds to the experimental geometry of the corrugated device, where the configurations of the upper 
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and lower boundary are identical to those of the Al/polymer and ITO/polymer interfaces, respectively, and 
the flat one (ii) corresponds to the normal flat LEC. In (i) (nonparallel), electric field intensity |E| was found 
to be highly dependent on location. The intensity surpassed 50 V/μm around the top of the sinusoidal curve 
while a minimum of around 30 V/μm was observed near the bottom. By contrast, a near constant intensity 
|E| of 40 V/μm was obtained in (ii) (flat). The simulation results suggest that the initial doping level in the 
corrugated LEC (corresponding to (i)) differs from that in the flat LEC (corresponding to (ii)) due to non-
uniformities in the electric field intensity. In the corrugated LEC, the doping process is assumed to be slow 
in spots where the electric field is weak, and thus the response time of the corrugated LEC is longer than 
that of the flat LEC.  
 
Figure 6. 10 Calculated static field intensity distribution in the polymer layer before doping in (i) nonparallel 
sinusoidal, (ii) parallel sinusoidal, and (iii) flat structures assuming that 4 V was applied to the upper and 
lower boundary. The average thickness of the layer was assumed to be 100 nm. 
 
When a moderate current density of 5 mA/cm2 was applied, the devices operated at around 5 V, and 
luminance was higher (241 cd/m2) with the corrugated structure than with the flat one (178 cd/m2) (t = 180 
s, Figure 6. 9(a)). Power and current efficiency were calculated to be 3.4 lm/W and 4.8 cd/A in the 
corrugated LEC, and 2.3 lm/W and 3.6 cd/A in the flat LEC. As with the MEH-PPV-based LEC, the 30–
50% improvement in luminance and efficiency can be attributed to more effective light extraction. When 
the higher constant current density of 50 mA/cm2 was applied, both devices operated at around 7–9 V, and 
the corrugated LEC exhibited a much higher maximum luminance of 1,740 cd/m2, with a power efficiency 
of 1.4 lm/W, current efficiency of 3.5 cd/A, and external quantum efficiency (EQE) of 2.13%. By contrast, 
the flat LEC showed a lower maximum luminance of 840 cd/m2, with a power efficiency of 0.58 lm/W, 
current efficiency of 1.7 cd/A, and EQE of 1.18% (Figure 6. 9 (b)). The calculated improvement in 
luminance and efficiency, namely a factor of roughly 2.1, was one of the best results reported for a light-
extraction system for organic light sources based on internal out-coupling structures.34 The higher 
extraction efficiency at the lower current density (5 mA/cm2) can be explained by the fact that the p-i-n 
junction had shifted position. Polyphenylene vinylene (PPV) based polymers have been reported to exhibit 
rather limited n-doping capabilities at low bias voltages in LECs, which causes the intrinsic and light-
emitting layers to form near the cathodes.41,51 On the other hand, when high current densities are applied, 
which leads to high operating voltages, the intrinsic layer moves to a position closer to the center of the 
polymer.41,51 In such cases, coupling between the emissive species in the polymer layer and surface plasmon 
modes associated with the Al anode are effectively supressed,52,53 and thus light extraction loss will be 
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reduced and waveguide mode extraction will be more efficient. Similar results were found with OLEDs 
made using a sub-anode grid as an internal out-coupling structure, in which the thickness of the electron 
transport layer, which corresponds to the distance between the metal cathode and the emissive species, must 
be increased in order to improve the extraction efficiency.35 For visual comparison, the emitting devices 
were photographed in constant current mode (Figure 6. 9(c)). The brightness of the corrugated device was 
noticeably higher, which can be seen as the result of more effective light extraction enabled by the structure 
of the device. 
The results clearly indicate that low cost, high efficiency LECs could be realized by using corrugated 
substrates and FCPs. The extraction of light with broad spectrum characteristics demonstrated in this 
chapter and a previous one on OLED32 suggest that the corrugated substrates could be used for full color 
and white PLECs without changing the original spectra. It was also learned that new bipolar-type FCPs 
having good p-type and n-type doping properties will need to be developed in order to further improve 
efficiency. It remains to be seen whether LECs can be developed with performance comparable to OLEDs 
(>100 lm/W), because, to date, efficiency has topped out at around 30 lm/W even when highly efficient 
materials such as metal complexes are used.36,54–59 Reducing the exciton-polaron interaction that is 
commonly observed in LECs and developing high-purity polymer materials will be a next challenge in the 
effort to realize devices with high stability.60 
 
In conclusion, LECs have been fabricated with an internal light-extraction system based on a quasi-
periodic corrugated structure for the first time. This light-extraction structure could be used with a wide 
variety of luminous materials, and was able to optically enhance light intensity by a factor of around 2.1, 
while maintaining the original spectrum, angular dependence of light-emission, and current-voltage 
characteristics. Using the corrugated substrate with SY-PPV as the light-emitting polymer, devices that 
were highly emissive (approx. 2,000 cm/m2) and stable, were fabricated. Corrugated substrates and PLECs 
can both be mass produced by wet-based continuous roll-to-roll methods, and the results strongly suggest 
that combining the two could be one of the most promising strategies for creating new types of cost-
effective, high-performance lighting. 
 
6.4 Experimental Section 
Device fabrication. MEH-PPV (Aldrich), PEO (molecular weight Mv = 6 x 105, Aldrich), chloroform 
(Kanto Chemicals), toluene (Kanto Chemicals), and cyclohexanone (Kanto Chemicals) were used as 
received. KCF3SO3 (Aldrich) was dried at 473 K under vacuum before use. The film-type and glass-type 
corrugated ITO substrates were fabricated using solution-based roll-to-roll methods based on those reported 
in a previous paper.38 A mixture of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) block 
copolymer (Polymer Dyesource Inc., Mn = 1,700k, Mn[PS segment] = 900k, Mn[PMMA segment] = 800k) and 
polyethylene glycol (4:1 by weight) was dissolved in toluene (1.75 wt%). The solution was filtered, then 
spun on a cleaned glass substrate, after which the solvent was allowed to evaporate. The polymer coated 
substrate was put into a chloroform vapor filled chamber for 35 hours. This solvent annealing process 
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produced a corrugated pattern induced by self-assembly of the block copolymer. Next, a conducting layer 
was formed on the nano-patterned substrate by vacuum evaporation and a 250-nm thick nickel layer was 
fabricated by a nickel electroforming process in a nickel sulfamate bath at a maximum current density of 
50 mA/cm2. Finally, the nickel hard mold thus obtained was separated from the polymer coated glass 
substrate.  
The film-type corrugated substrate was fabricated by an ultraviolet nanoimprinting process. First, a film 
substrate was coated with a UV-curable resin. The nano-pattern was transferred by pressing the film to the 
nickel hard mold, then the UV resin was cured by UV light irradiation. The glass-type corrugated substrate 
was fabricated by a sol-gel nanoimprinting process. First, a mixed solution of water : ethanol : concentrated 
hydrochloric acid (1:11:0.0046 by weight) was prepared, to which was added tetraethoxysilane (1.74 parts 
by weight) and trimethoxymethylsilane (0.41 parts by weight). The solution was then stirred for 1 hr at 
room temperature to obtain the sol-gel precursor solution. A cleaned glass substrate was coated with the 
sol-gel precursor solution and the nano-pattern was transferred by pressing the film-type corrugated 
substrate to it at 80 °C. After removing the film-type corrugated substrate, the glass substrate was cured at 
300 °C for 1 hr to complete the sol-gel transformation. Finally, anodes were fabricated by sputtering ITO 
onto the film-type and glass-type corrugated substrates through a shadow mask. The corrugated and flat 
ITO substrates both underwent UV-ozone treatment before use. Master solutions of 10 mg/mL MEH-PPV 
in chloroform, 10 mg/mL PEO in cyclohexanone, and 2.5 mg/mL KCF3SO3 in cyclohexanone were 
prepared and stirred for one hour at 60°C for the PEO solution and 50 °C for the others. These were mixed 
with a ratio of MEH-PPV/PEO/KCF3SO3 of 1/1.52/0.0723 (wt/wt/wt) at 50°C for 3 hours. After filtering 
out the insoluble content, the solution was spin-coated on a patterned ITO substrate (0.3 cm x 0.3 cm = 0.09 
cm2) for 60 s at 800 rpm, then 10 s at 1000 rpm. The layer was dried overnight under a nitrogen atmosphere. 
An aluminum layer with a thickness of 100 nm was deposited on the polymer layer by thermal evaporation 
at 10-3 Pa. 
For the preparation of the SY-PPV-based LEC, master solutions of 10 mg/mL SY-PPV (Merck) in toluene, 
10 mg/mL trimethylolpropane ethoxylate (TMPE, Aldrich, Mn: around 450) in cyclohexanone, and 2 
mg/mL KCF3SO3 in cyclohexanone were mixed at 60 °C for one hour, and then mixed with a ratio of 
1/0.1/0.03 (wt/wt/wt).15 45 vol% of cyclohexanone was then added to the solution in order to decrease the 
viscosity. The mixture was stirred at 60 °C for three hours. The other fabrication procedures were the same 
as for the MEH-PPV-based LEC. The thicknesses of the organic layers were measured by a contact-type 
thickness meter and determined to be 80 nm (corrugated) and 110 nm (flat) for the MEH-PPV- based LECs. 
In the SY-PPV-based LECs, an identical thickness of 170 nm was obtained for both the corrugated and flat 
substrates. All devices were measured under inert conditions. 
 
Characterization of devices. The surfaces of the ITO, polymer, and aluminum layers were analyzed using 
an Asylum Research MFP-3D AFM system. Current-voltage characteristics were measured with a Keithley 
2400, and luminescence spectra with a Minolta LS-100 and Ocean Optics USB 2000. For angular 
dependence measurements, the devices were mounted on a rotating stage. The impedance spectra of the 
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devices were measured by a Solartron 1260 Impedance / Gain-Phase Analyzer with a frequency range of 
106 to 1 Hz and AC voltage of 50 mV. The static field in the intrinsic layer was numerically calculated using 
Laplace’s equation. The corrugated structures were approximated as sinusoidal curves whose periods were 
equal to the average of the empirical ones obtained by AFM measurements (1.34 m). The amplitudes of 
the sinusoidal curves were determined to be 54 and 34 nm for the upper and lower boundary curves, 
respectively, in (i) (nonparallel), and 34 nm for both curves in (ii). The standard deviations of the sinusoidal 
curves in depth corresponded to those of the ITO and aluminum surfaces obtained by AFM measurements. 
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7.1 Conclusion 
In this thesis, the author describes the charge transport processes by radical polymers and their 
application to a variety of electrochemical devices. In this chapter, the electrochemical characteristics of 
such redox-active polymers and important conclusions in this study are summarized. 
In chapter 2, the charge transport kinetics in radical polymer/carbon nanotube hybrids were described 
quantitatively. The ideal electrochemical responses of the hydrophilic radical polymer, poly(TEMPO-
substituted acrylamide) functioned as the probe to diagnose the whole charge transport processes by the 
polymer and carbon nanotube. A series of measurements indicated that the nanotube contributed to not only 
the enhancement of conductivity, but also the increase of the electrochemically reactive interface area. Such 
3D current collection network by the nanotube as well as fast redox mediation throughout the electrode 
yielded the extremely high discharge current density approaching 1 A/cm2. Also, the successfully prepared 
hybrid enabled the fabrication of a totally organic-based, thin, and highly flexible secondary batteries. 
In chapter 3, the heterogeneous and homogeneous charge transfer processes by a wide range of redox-
active polymers with non-conjugated backbones were studied. The author pointed out that the 
heterogeneous (k0) and bimolecular (kex) charge transfer rate constants of the redox-active centers bound to 
the polymers were 103-4 smaller than those of the monomer species dissolved in electrolytes, which would 
result in the unfavorable potential loss and slower response as the rechargeable electrodes. For the first time, 
the proposed diffusion cooperative model explained quantitatively that the limited motion of the bound 
redox centers caused the decrease of the rate constants. Marcus-Hush theory and a rigid sphere model by 
Smoluchowski were used for the estimation of the constants. As a next-generation design of the redox-
active polymers, use of supramolecular gelators was proposed. Addition of small amount of the gelator to 
radical polymers led to both high capacity and fast redox mediation. 
In chapter 4, the author revealed that radical polymers functioned as command surfaces for liquid crystal 
electrolytes. Alignment of liquid crystal molecules with nematic, chiral nematic, and smectic phases was 
readily and reversibly switched along with the redox-reactions of the polymers. Poly(TEMPO-substituted 
glycidyl ether), surface-grafted poly(TEMPO-substituted norbornene), and viologen-based polymers with 
polyethylene glycol main chains were found to be compatible with the electrolytes due to the fast charge 
transport characteristics. Tuning the electrostatic interaction between the liquid crystals and charged 
polymer surfaces was important to induce the switching. The anisotropic ionic conductivity of the 
electrolytes, especially the species forming low-dimensional conducting pathways (anisotropic ratio of > 
102), contributed to the highly efficient charge storage system. The cooperative switching of the bulk ionic 
conductivity enabled the charge storage devices to response quickly and to maintain charges, suppressing 
unfavorable self-discharge reactions.  
In chapter 5, the charge transport processes throughout the electrochromic electrodes were discussed. 
The author applied polyviologens as electrochromic layers and probes for electrochemical processes. To 
achieve high-resolution displays, unfavorable charge transport by the polymers and substrates were 
suppressed. The use of aromatic electrolytes was found to be efficient due to the small exchange current 
density.  
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In chapter 6, light-emitting electrochromic cells (LECs) were fabricated using light-extracting, 
corrugated substrates. Poly(p-phenylene vinylene) derivatives were used as the emitting materials with high 
efficiency. Both the nano-imprinted substrates and the polymer layers were prepared by mass-producible 
processes such as roll-to-roll and wet-coating. In contrast to normal organic light emitting diodes, the 
electrochemically induced p-n junction in LECs provided the reliable operation even with the corrugated 
emitting structure. The quasi-periodic and random direction advantages of the corrugated patterns enhanced 
light by a factor of ~2 without any distortion of emission spectra or angular characteristics. 
 
7.2 Future Prospects 
The author hopes the continued development of organic polymer-based electrochemical devices. The 
new polymer design based on the deeper understanding of polymer chemistry and electrochemistry will be 
a key to achieve electrodes with new functions and enhanced performances. In this section, the future 
directions and potential applications of the organic polymers are discussed. 
 
7.2.1 Further understanding of redox mediation for faster charge transport 
In chapter 3, the diffusion cooperative model was proposed to explain the limiting processes for charge 
transport by non-conjugated, redox-active polymers. The physical movement of the polymer chains and 
redox centers was revealed to be important to estimate the diffusion coefficient for charge transfer, D, and 
other parameters. Still, there is room for more precise estimation. For instance, the reasons for the larger 
coefficient by using polyether backbones or supramolecular structures are yet unexplained (Figure 7. 1). 
Molecular dynamics simulation and a series of spectroscopy for the compounds will contribute to the deeper 
understanding. Synthesis of the materials with the precise control of the geometry will be also important to 
achieve faster charge transport and to propose more accurate models. 
 
 D cm2/s  10-10  10-9  10-7 
Figure 7. 1 Structures of TEMPO-substituted polymers and a supramolecular gelator. 
 
7.2.2 Organic polymer-based, solid-state battery 
Solid-state batteries will be one potential direction for polymer-based electrodes. A battery like a 
conventional plastic has an impact because of their elasticity, softness, lightweight, processability, cost, and 
environmental viewpoint. Recently emerging 3D printing methods1–4 are compatible with the polymer 
electrodes. Use of solid-state polymer electrolytes or gelators for ionic liquids5 will be effective (Figure 7. 
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2). Radical polymers are potential candidates for the solid-state electrodes as revealed in chapter 4 and 5. 
New functions, such as stretchability6 and even self-chargeability7–9 could be achieved by the polymer-
based batteries. 
 
Figure 7. 2 Structure of a polymer gelator for ionic liquids.5 
 
Light-emitting electrochromic cells can be a hint for a totally solid-state, even single-layer, 
rechargeable device (Figure 7. 3). As discussed in chapter 6, many conjugated polymers can exhibit 
bipolar and reversible redox capability when mixed with ion-conducting materials. The high conductivity, 
due to the low reorganization energy and the high electronic coupling by a conjugated structure, is 
favorable for high-output. The concept of frozen junction for LECs10,11 indicates the possibility of the 
long charge retention. The new design of solid-state organic electrodes, having the advantages of both 
conjugated (i.e., high conductivity) and non-conjugated polymers (i.e., excellent charge storage 
capability), is strongly expected. 
 
Figure 7. 3 Reversible doping of electrochromic cells. 
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